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ABSTRACT 

 

Mineral oil is the traditional insulating liquid used in power transformers, but it has 

limitations such as environmental impact and fire safety. Synthetic esters offer a promising 

alternative due to their biodegradability and high fire point. This research explores the 

potential of synthetic esters for high voltage applications in power transformers. This 

dissertation investigates the potential of synthetic esters as a next-generation insulating liquid 

for high voltage power transformers.  Mineral oil, the traditional insulating material, faces 

increasing scrutiny due to environmental concerns and fire safety limitations. Synthetic esters 

offer a compelling alternative, boasting biodegradability and high fire points. However, their 

application in high voltage environments requires a comprehensive understanding of their 

electrical, physical, and chemical properties. This research explores various aspects of 

synthetic esters for high voltage applications. The initial stage involves a thorough review of 

existing literature on the chemical composition of synthetic esters, their breakdown voltage 

characteristics under AC, DC, and lightning impulse conditions, and pre-breakdown 

phenomena. Also, the work investigates the compatibility of synthetic esters with cellulose 

paper insulation used in transformers, application of synthetic esters for retrofitting existing 

mineral oil-filled transformers and the techniques for diagnosing the health of synthetic   

ester-filled transformers using dissolved gas analysis (DGA).  

Static electrification behavior of synthetic esters Building upon this foundation, the 

research delves into the potential of synthetic ester-based nanofluids. Nanofluids are 

engineered fluids containing nanoparticles that can potentially enhance the insulating 

properties of the base fluid. This section examines the impact of incorporating nanoparticles 

on the breakdown strength and other relevant electrical characteristics of synthetic esters. A 

crucial aspect of transformer insulation is the compatibility between the insulating liquid and 

the cellulose paper used for internal insulation. This research investigates the behavior of 

synthetic esters in contact with cellulose paper, focusing on parameters like saturation levels 

and their impact on the overall dielectric strength of the insulating system. 

The research draws on existing literature and the authors' own experience conducting 

research on synthetic ester liquids and discussion on the synthetic ester properties and 

applications. The experimental studies to measure electrical breakdown voltage, compatibility 
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with paper insulation, and static electrification and analysis of data obtained from experiments 

and existing literature. The potential for retrofitting existing mineral oil-filled transformers 

with synthetic esters is also explored. This section examines the feasibility and technical 

considerations involved in successfully replacing mineral oil with synthetic esters in 

operational transformers. Furthermore, the research explores the applicability of Dissolved 

Gas Analysis (DGA) for monitoring the health of synthetic ester-filled transformers. DGA is  

a non-intrusive technique used to detect incipient faults within transformers by analyzing 

dissolved gases in the insulating liquid. This section investigates the effectiveness of DGA in 

identifying potential problems in transformers employing synthetic esters.  

This research paves the way for a more sustainable and environmentally friendly 

future for power transformers by promoting the wider adoption of synthetic esters as a viable 

alternative to traditional mineral oil. This research contributes to the advancement of 

knowledge and practical application of synthetic esters in high voltage transformers. The 

work discusses by selecting appropriate synthetic ester formulations for high voltage 

applications, designing transformers that utilize synthetic ester insulation systems, developing 

effective maintenance strategies for synthetic ester-filled transformers and establishing 

standards and guidelines for safe and reliable use of synthetic esters in the power grid.  

Finally, the research addresses the phenomenon of static electrification in synthetic 

esters. Static charge accumulation on the insulating liquid can influence its electrical 

performance and potentially lead to partial discharges within the transformer. This section 

examines the behavior of synthetic esters under various conditions that could promote static 

electrification. By combining a comprehensive literature review with experimental 

investigations, this research aims to contribute significantly to the knowledge base 

surrounding the use of synthetic esters in high voltage power transformers. The findings will 

be valuable for selecting appropriate synthetic ester formulations with optimal properties for 

high voltage applications. Designing and developing transformers that utilize synthetic    

ester-based insulating systems effectively. Establishing reliable maintenance strategies for 

transformers filled with synthetic esters. Formulating standards and guidelines for the safe and 

efficient deployment of synthetic esters within the power grid infrastructure. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction  

Transformer oil, also known as insulating oil, plays a pivotal role in electrical systems due to its 

exceptional stability at elevated temperatures and remarkable electrical insulating properties. 

Typically employed in oil-filled wet transformers, high-voltage capacitors, fluorescent lamp ballasts, 

as well as high-voltage switches and circuit breakers, this specialized oil serves multiple functions, 

including insulation, the suppression of corona discharge and arcing, and heat dissipation [1]. While 

mineral oil has been the traditional foundation of transformer oil, innovative formulations offering 

diverse engineering and environmental characteristics are gaining prominence in the industry [2]. 

This introductory overview underscores the critical role of transformer oil and its evolving 

composition in modern electrical infrastructure. 

Transformer oil performs two critical functions within electrical transformers: insulation and 

cooling. In order to effectively serve these functions, transformer oil must exhibit specific properties 

and characteristics [3]. Overall, the function and properties of transformer oil are vital to the efficient 

and safe operation of electrical transformers in various applications. The choice of transformer oil 

and its maintenance are critical factors in ensuring the long-term reliability of power distribution 

systems. Transformer oil needs to have high dielectric strength to prevent electrical breakdown. It 

must maintain this strength even when subjected to high temperatures for extended periods. This 

property ensures that the oil can insulate the electrical components within the transformer, preventing 

short circuits and electrical faults. In addition to insulation, transformer oil serves as a coolant. It 

possesses excellent thermal conductivity, allowing it to dissipate heat generated during the operation 

of the transformer. This property is crucial in preventing overheating and maintaining the 

transformer's efficiency. 

Transformer oil must exhibit chemical stability over time to ensure the reliability and longevity 

of the transformer. It should resist degradation or breakdown when exposed to electrical stresses and 

temperature fluctuations. Transformer oil typically has a flash point above 140°C, a pour point below 

-40°C, and a dielectric breakdown strength greater than 28 kVRMS [4]. These characteristics make it 

suitable for its role in electrical systems. Large power transformers may incorporate external 

radiators that enhance cooling through natural convection. Additionally, they can feature cooling 

fans, oil pumps, and oil-to-water heat exchangers to further regulate temperature. Before introducing 



 

2 

the insulating oil, power transformers undergo extensive drying processes. These processes involve 

electrical self-heating, vacuum application, or a combination of both to eliminate any water vapor 

within the transformer. This is crucial to prevent corona formation and electrical breakdown under 

load. 

Transformer systems may include safety devices like Buchholz relays or sudden pressure relays. 

These devices detect the accumulation of gas within the transformer, which can result from 

phenomena like corona discharge, overheating, or electric arcs. In the case of slow gas accumulation 

or a rapid pressure increase, these devices can trip protective circuit breakers to disconnect power 

from the transformer, preventing potential damage or failure [5-6].  

Mineral oil has long been a conventional choice for transformer oil due to its effectiveness. 

However, it comes with several drawbacks, such as its relatively low flashpoint and potential 

environmental impact [7]. As a result, there has been ongoing research and development to find 

alternative fluids that can address these concerns. These are the various factors when choosing an 

alternative to mineral oil, such as fire safety, environmental impact, cost, and compatibility with the 

specific application and environmental conditions. The selection of an alternative transformer oil 

depends on the transformer's operating conditions, fire safety requirements, and regulatory standards. 

As the technology and research in this field continue to evolve, more options may become available 

to meet the specific needs of different transformer applications. 

 Pentaerythritol Tetra Fatty Acid Esters (Natural and Synthetic): These esters have gained 

popularity, particularly in high-fire-risk applications. They offer a significantly higher 

fire point, often exceeding 300°C (572°F) [8-9]. These esters are also biodegradable, 

making them a more environmentally friendly option. However, they tend to be more 

expensive than mineral oil, and natural esters have comparatively lower oxidation 

stability. 

 Silicone or Fluorocarbon-Based Oils: These oils are even less flammable than esters, 

making them suitable for applications where fire risk is a significant concern. However, 

they are typically more costly than esters and have lower biodegradability [10-11]. 

 Vegetable-Based Formulations: Researchers have been exploring the use of vegetable 

oils, like coconut oil, as a transformer oil alternative [12-13]. While these oils are 

biodegradable and environmentally friendly, they may not be suitable for cold climates 

or high-voltage applications exceeding 230 kV. 
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 Nanofluids: The use of nano-fluids is being investigated as additives to improve the 

stability, thermal conductivity, and electrical properties of transformer oil. These 

additives aim to enhance the performance of existing oils rather than replacing them 

entirely [14-15]. 

      1.2 Research Background 

Polychlorinated biphenyls (PCBs) were once widely used as synthetic dielectrics in 

transformer oil due to their excellent electrical properties, including high dielectric strength and 

non-flammability [16]. However, the numerous adverse environmental and health effects 

associated with PCBs have led to stringent regulations and their eventual phase-out. PCBs were 

initially valued for their favorable electrical characteristics, making them suitable for use in 

transformers. PCBs are highly toxic and environmentally persistent [17]. They accumulate in 

living organisms, posing health risks to both wildlife and humans. PCBs are non-biodegradable 

and can persist in the environment for a long time. In the 1970s, many countries implemented 

bans on the production and use of PCBs due to growing concerns about their accumulation and 

the toxicity of their byproducts [16]. For example, the United States banned PCB production in 

1979 under the Toxic Substances Control Act.  

Many countries have established programs to reclaim and safely dispose of PCB-

contaminated equipment and materials [18]. Specialized methods, like PCB removal systems or 

dechlorination systems, are used to extract and destroy PCBs within contaminated transformer 

oil. PCB removal systems employ alkali dispersion to strip chlorine atoms from PCB molecules 

through a chemical reaction [19]. This process yields PCB-free transformer oil and PCB-free 

sludge, which can be safely separated and disposed of as non-PCB industrial waste. The treated 

transformer oil is fully restored and can meet required standards, making it suitable for reuse as 

an insulating fluid in transformers. PCBs and mineral oil are miscible, which means they can mix 

together. Consequently, equipment used for handling either type of liquid may be susceptible to 

cross-contamination. PCB contamination in transformer oil remains a significant concern, 

particularly in regions where regulations set low concentration thresholds for PCBs in oil, 

classifying them as hazardous waste [20]. 

Given the environmental and health risks associated with PCBs, strict regulations and 

remediation efforts are in place to mitigate their impact and ensure the safe handling and disposal 

of contaminated materials. The phase-out of PCBs and the development of alternative, more 

environmentally friendly dielectric fluids have become significant priorities in the electrical 
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industry. 

In recent years, the adoption of machine learning solutions by companies has surged, driven 

by significant advancements in the field and an abundance of available data [21-22]. Businesses 

worldwide are recognizing the inherent value hidden within these datasets and are eager to 

extract meaningful insights. However, the process of turning raw, often unrefined data into 

actionable knowledge is a complex endeavor. It involves tasks like feature extraction, data 

cleaning, and analysis, where machine learning plays a pivotal role. It is not merely a matter of 

applying machine learning as a one-size-fits-all solution to a problem. Power transformers are 

critical components within the electrical grid, responsible for voltage regulation and distribution. 

Ensuring their reliability is paramount, given the consequences of a malfunctioning transformer, 

which can leave numerous customers without power. Monitoring transformer conditions 

traditionally involves costly and offline inspections, but advancements in techniques like 

Dissolved Gas Analysis (DGA) and oil condition testing have provided valuable insights. 

However, predicting Top-Oil-Temperature remains a challenge, with this thesis aiming to 

enhance these predictions by exploring machine learning models, with a focus on interpretability 

and the incorporation of time-delayed features. This research aims to contribute to the ongoing 

effort to ensure the reliability and efficiency of power transformers in the electrical grid. 

      1.3 Transformer Oil Tests 

Transformer oils are exposed to a range of stresses and contamination factors during the 

operation of electrical transformers. Over time, these factors can alter the chemical properties of 

the oil, making it less effective for its intended purpose. To ensure the continued reliability and 

safety of transformers, oil quality is regularly tested. These tests encompass various aspects of 

the oil's electrical and chemical properties.  

a) Dissolved Gas Analysis (DGA): DGA is conducted to detect and analyze the presence 

of gases dissolved in the oil [23]. These gases can indicate various types of faults and 

abnormalities within the transformer, such as overheating, partial discharges, or 

electrical faults. DGA helps in identifying potential issues before they escalate. 

b) Furan Analysis: Furan analysis is employed to assess the byproducts of degradation in 

the solid insulation of the transformer, such as paper insulation [24]. Elevated levels 

of furans may indicate insulation degradation and can guide maintenance decisions. 

c) PCB Analysis: PCB analysis is performed to determine the presence and 

concentration of polychlorinated biphenyls in the oil, which can be a significant 
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environmental concern. High PCB levels may necessitate remediation measures [20 

and 25]. 

d) General Electrical & Physical Tests: These tests evaluate the overall condition of the 

oil and include assessments of color and appearance, breakdown voltage (dielectric 

strength), water content, acidity (neutralization value), dielectric dissipation factor, 

resistivity, sediments, sludge, flash point, pour point, density, and kinematic viscosity. 

These tests provide a comprehensive view of the oil's physical and chemical 

properties [26-27]. 

The frequency of conducting these tests depends on the type of test and the age and 

operational history of the transformer. Typically, the suggested intervals for these tests are as 

follows: 

 General and physical tests: Bi-yearly (every two years) 

 Dissolved gas analysis: Yearly 

 Furan testing: Once every two years, provided the transformer has been in operation 

for a minimum of five years. 

These regular tests and maintenance checks are essential for monitoring the condition of 

transformer oil and the transformer itself. They help identify potential issues early, ensuring the 

continued reliability and safety of the electrical system. The specific testing methods and 

standards are available through organizations like the International Electrotechnical Commission, 

ASTM International, British Standards, and other relevant industry standards. 

      1.4 Research Motivation 

1) Heating Method for Thermal Fault Simulation: Previous Dissolved Gas Analysis (DGA) 

studies have explored thermal fault simulations using various heating methods, such as 

oven-heating, immersed-heating, and tube-heating. The oven-heating method is suitable 

for simulating T1 thermal faults uniformly, while other methods have limitations. 

However, there's a lack of DGA studies using the tube-heating method for investigating 

fault gas generation in oil-paper insulation systems under T2 and T3 thermal faults. 

Therefore, it is essential to develop a tube-heating setup for comprehensive DGA 

experiments under these conditions. 

2) Transition from Mineral Oil to Synthetic Ester Liquid: Mineral oil has been a standard 

choice for power transformers due to its dielectric strength and cost-efficiency. However, 
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environmental concerns and safety considerations have shifted the focus towards 

synthetic ester liquids. Understanding the differences in fault gas generation mechanisms 

and interpretation criteria between mineral oil & ester liquid-filled transformer is 

effective condition monitoring. 

3) Focus on Oil-Paper Insulation Systems: Many thermal fault studies have concentrated on 

localized hotspots in transformers, typically at the top part of the windings. However, 

there's a limited focus on insulating liquid-Kraft paper insulation systems, which play       

a significant role in a transformer's condition. Investigating and comparing fault gas 

generation characteristics in both mineral oil-Kraft paper insulation systems and synthetic 

ester liquid-Kraft paper insulation systems is essential, especially in correlation with 

paper degradation indicators. 

4) Exploring CO2/CO Ratio for Fault Detection: The CO2/CO ratio is suggested by industry 

standards as an indicator of possible paper-related thermal faults in mineral oil-immersed 

transformers. However, these standards have evolved over time with varying 

recommended ratios. It is valuable to conduct DGA thermal experiments in both mineral 

oil-Kraft paper insulation systems and synthetic ester liquid-Kraft paper insulation 

systems to examine CO2/CO ratio characteristics and their correlation with fault types. 

These motivations collectively address critical gaps in understanding fault gas generation in 

transformers and the role of different insulating materials and heating methods in DGA analysis. 

This research aims to enhance the reliability and effectiveness of transformer condition 

monitoring and fault detection. 

     1.5 Research Gaps And Challenges 

In the context of the present research, several critical challenges and research gaps must be 

addressed to facilitate the practical utilization of vegetable-based oils as electrical insulation 

materials in power apparatuses. This research aims to comprehensively evaluate the feasibility 

and performance of synthetic esters as insulating liquids for high voltage power transformers. To 

achieve this goal, the following specific objectives have been established: 

1.5.1 Objectives of the Thesis 

1.5.1.1 Objective 1: To develop a framework for DGA-based health monitoring of  Mineral  

Oil-filled transformers:  

This involves investigating the effectiveness of DGA in identifying potential faults within  

transformers using mineral oil and establishing appropriate diagnostic protocols. 
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1.5.1.2 Objective 2: To explore the applicability of synthetic esters for retrofitting existing  

transformers:  

This objective seeks to determine the technical feasibility and considerations involved in  

successfully replacing mineral oil with synthetic esters in operational transformers. 

1.5.1.3 Objective 3: To assess the compatibility of synthetic esters with cellulose paper  

insulation: 

This involves examining the saturation behavior of cellulose paper in synthetic esters and its  

impact on the overall dielectric strength of the insulating system. 

These objectives address a critical gap in the existing knowledge base regarding the 

application of synthetic esters in high voltage transformers. While previous research has explored 

some aspects of synthetic esters, a comprehensive and integrated investigation encompassing their 

electrical breakdown characteristics, compatibility with cellulose paper, suitability for retrofitting, 

health monitoring techniques, and static electrification behavior is currently lacking. 

This earlier works did not discuss the wider adoption of synthetic esters in the power grid due 

to uncertainties regarding their long-term performance and reliability in high voltage 

environments. By addressing this gap, this research aims to provide a robust foundation for the 

safe and efficient deployment of synthetic esters in power transformers, paving the way for a 

more sustainable and environmentally friendly future for the power grid. 

1.5.2 Scope of Research 

The scope of this research encompasses experimental, computational, and theoretical investigations  

into the behavior and properties of transformer oils under various conditions: 

 Experimental Studies: Conduct controlled laboratory simulations of thermal faults using 

advanced heating methods to examine gas generation patterns. 

 Comparative Analysis: Benchmark the performance of mineral oil and alternative fluids, 

including synthetic esters, vegetable-based formulations, and nanofluids. 

 Predictive Modeling: Develop and test machine learning algorithms for transformer 

condition monitoring, emphasizing datasets derived from Dissolved Gas Analysis (DGA) and 

Furan testing. 

 Regulatory and Environmental Context: Assess compliance with international standards 

and explore sustainable practices in transformer oil usage and disposal. 

 Practical Applications: Provide actionable insights for utility companies, transformer 

manufacturers, and policymakers to enhance the reliability and sustainability of power 
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distribution systems. 

1.5.3 Alignment with Industry Standards 

To ensure practical relevance, this research aligns with international standards and guidelines,  

including: 

 IEC 60599 for Dissolved Gas Analysis. 

 ASTM D3487 and IEC 61099 for evaluating dielectric liquids. 

 IEEE C57.147 for ester-based fluids. 

Furthermore, the methodologies and findings will aim to inform best practices for transformer  

maintenance and fault diagnosis in compliance with global regulatory frameworks. 

1.5.4 Contribution to Knowledge 

The findings of this research aim to contribute significantly to the fields of electrical engineering,  

environmental science, and data analytics. Key contributions include: 

 Introducing innovative methodologies for fault simulation in transformer oils. 

 Enhancing the accuracy and reliability of predictive maintenance techniques. 

 Providing a comprehensive comparison of traditional and alternative transformer fluids. 

 Offering actionable insights for environmental sustainability in power systems. 

1.5.5 Transformer Oil and Testing Methodology 

1.5.5.1 Transformer Oil: Types and Technical Characteristics 

Transformer oil is a critical component in electrical transformers, serving both as an 

insulating medium and as a coolant. The performance, reliability, and longevity of transformers are 

significantly influenced by the quality and type of transformer oil used. This section delves into the 

two primary categories of transformer oil—mineral oil and synthetic ester—and their technical 

characteristics, as well as their correlation to operational requirements. 

Mineral Oil: Mineral oil is derived from refined petroleum and is the most widely used transformer  

oil due to its cost-effectiveness and established performance in traditional transformer applications.  

Its characteristics include: 

 Chemical Composition: Hydrocarbons, primarily alkanes and aromatics. 

 Dielectric Properties: High breakdown voltage, low dissipation factor. 

 Thermal Properties: Adequate thermal conductivity but lower flash and fire points 

compared to synthetic esters. 

 Environmental Considerations: Non-biodegradable and poses challenges in disposal, 

necessitating stringent environmental controls. 
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Synthetic Ester Oils: Synthetic esters have emerged as eco-friendly alternatives to mineral oils,  

particularly for transformers in environmentally sensitive areas. Their properties include: 

 Chemical Composition: Complex esters synthesized to enhance thermal and dielectric 

properties. 

 Thermal Properties: High flash and fire points, making them suitable for high-capacity 

transformers. 

 Dielectric Properties: Comparable to or better than mineral oils. 

 Environmental Considerations: Fully biodegradable and less harmful in case of leakage. 

These distinctions form the basis for selecting transformer oil depending on the application and  

operational environment. 

Transformer Oil and Power Rating Correlation: The choice of transformer oil is influenced by  

the transformer's power rating and operational requirements. Key considerations include: 

 Distribution Transformers (Low to Medium Power Ratings): Typically use mineral oil 

due to its lower cost and adequate performance. 

 Transmission Transformers (High Power Ratings): Synthetic ester oils are preferred for 

their superior thermal stability and fire resistance, which are crucial for high-capacity 

systems. 

The transformers operating in renewable energy transmission systems or urban grids often demand  

synthetic ester oils to ensure environmental compliance and operational safety under heavy loads. 

1.5.6 Selection Criteria Under Load Variations 

Transformer oil selection is further influenced by load variations and specific operational scenarios. 

 Load Variations: 

o Peak load conditions require oils with higher thermal conductivity and stability. 

o Base load conditions focus on cost-effective performance. 

 Cooling Systems: Compatibility with oil-immersed or forced-oil cooling systems. 

 Insulation and Aging: Oils with superior aging characteristics are critical for high-voltage 

transformers. 

 Environmental Impact: Biodegradable oils are essential for installations in ecologically 

sensitive zones. 

These factors underline the importance of aligning transformer oil selection with the operational  

and environmental demands of the power system. 
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  1.6 Thesis Main Contributions 

Contribution 1: Evaluation of Dissolved Gas Analysis (DGA) for transformer maintenance: 

    This research explores DGA as a non-intrusive and cost-effective method for early fault detection 

in transformers. It examines the principles, methodologies, and historical development of DGA, 

highlighting its role in assessing transformer health, predicting potential faults, and extending 

transformer life.  

Contribution 2: Comparison of synthetic ester and mineral oil-filled transformers: 

This study investigates the feasibility of using synthetic esters as an alternative to mineral oil in  

transformers. It compares the performance of both types of transformers through laboratory-scale  

experiments, focusing on factors like fault detection, efficiency, and longevity.  

Contribution 3: Impact of dielectric liquids on transformer health: 

This contribution explores the historical use of dielectric liquids in transformers, highlighting the  

limitations of mineral oil and the growing interest in synthetic esters. It examines the influence of  

dielectric liquids on factors like oil diffusion, paper insulation saturation, and transformer aging.   

1.7 Thesis Outline 

Chapter 1: Introduction and Research Background 

This chapter introduces the research background, emphasizing the significance of ester-filled 

transformers in comparison to mineral oil-filled transformers. The discussion highlights the study's 

relevance to transformer efficiency, load conditions, and the evolving needs of the power industry. It 

also establishes the research's objectives and sets the context for subsequent chapters. 

Chapter 2: Literature Survey 

This chapter provides a comprehensive review of existing literature on ester-filled transformers, 

mineral oil-filled transformers, dissolved gas analysis (DGA), and the evolution of transformer 

maintenance strategies. By presenting the current state of knowledge, this survey identifies key 

research gaps that guide the study. 

Chapter 3: Dissolved Gas Analysis and Strategic Prevention 

This chapter examines the evolution of dissolved gas analysis (DGA), highlighting its transition from 

a reactive fault detection tool to a proactive strategy for preventing transformer failures. Topics 

include the integration of data analytics, risk assessment, and decision-support systems in 

transformer maintenance. The significance of adopting online DGA systems and advanced data 

analytics is underscored, along with the introduction of an expert system for transformer diagnostics. 
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Chapter 4: Performance Analysis of Ester-Filled Transformers 

This chapter presents a detailed performance analysis of ester-filled transformers and compares them 

with mineral oil-filled transformers. It focuses on temperature profiles under varying load conditions, 

thermal resistance parameters, and efficiency levels. Insights gained from the study demonstrate the 

potential of ester-filled transformers in supporting higher loading cycles with improved efficiency, 

providing valuable implications for utility operations. 

Chapter 5: Oil Diffusion and Dielectric Strength in Transformer Insulation 

This chapter investigates the diffusion characteristics of various insulating oils within cellulose 

insulation papers of differing thicknesses. It explores the impact of oil absorption on the dielectric 

strength of the paper, considering factors such as wetting, thermal aging, and moisture migration. 

The findings highlight the superior breakdown voltage (BDV) of ester-based fluids and discuss the 

interplay between aging, oil degradation by-products, and cellulose fiber degradation. Correlation 

analyses offer deeper insights into long-term paper performance influenced by oil properties. 

Chapter 6: Conclusion 

This chapter summarizes the key findings and contributions of the research, emphasizing its 

implications for transformer technology and maintenance practices. Recommendations for future 

research avenues are provided, along with a discussion on the study's impact on enhancing the 

sustainability and efficiency of power networks. 

References 

This section contains a detailed list of references cited throughout the thesis, offering readers access 

to the foundational and supporting literature. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction   

Power transformers, being one of the most vital among the major assets in an electric power 

system network, require proper care during service. The electrical health of a power transformer is 

determined primarily by the quality of insulating oil which needs proper attention. The present 

chapter is continuation of the previous chapter and is mostly focussed on literature survey and 

background for the next chapters. Further, it discusses offline/ online dissolved gas analysis and 

synthetic ester-filled transformers with mineral oil-filled transformers with in-service transformer 

literature survey. Also, this chapter discusses on the literature and research scope of Dissolved Gas 

Analysis (DGA) as a foundation of this approach is explored, along with its implications for 

extending the operational life of mineral oil-filled transformers. The discussions span to highlight 

important developments in this area and cover the latest trends in the field of DGA that move it from 

detective corrective mode. It is to provide a strategic preventive mode, which would increase the 

accuracy of DGA and prove beneficial for utility engineers and technologists [28-29]. The field of 

transformer technology and insulating fluids has evolved significantly to address critical concerns 

related to environmental sustainability, resource scarcity, and economic considerations. This 

evolution is driven by the pivotal role that transformers play in modern power systems [30]. 

Additionally, an expert system-based procedure is proposed to avoid the violations in the existing 

diagnostic methods. The significance and evolution of transformers and the transition towards more 

sustainable and environmentally friendly dielectric fluids of the earlier authors are discussed in this 

chapter. 

Transformers are indispensable components of interconnected power systems, and their 

importance cannot be overstated. They impact various aspects of power systems, including 

reliability, efficiency, economic viability, versatility, and operational effectiveness [30].  The 

widespread use of mineral oil, also known as transformer oil, in transformers is facing growing 

scrutiny due to several critical issues. These issues include environmental concerns, limited 

availability of petroleum resources, rising costs of petroleum, and challenges related to the disposal 

of contaminated oil. The challenges associated with mineral oil have prompted researchers and the 

transformer industry to explore biodegradable and renewable insulating oils[31-32]. These 

alternative dielectric fluids are gaining attention as they offer solutions that align with environmental 
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requirements, safety standards, and economic considerations. 

Environmental sustainability is a key driver in the development of new insulating liquids. The 

use of biodegradable and environmentally friendly dielectric fluids addresses concerns related to 

environmental impact and the carbon footprint [33]. These fluids contribute to efforts aimed at 

achieving net-zero emissions and decarbonization in line with global policies. Research has 

demonstrated that these alternative dielectric fluids offer several advantages over traditional mineral 

oil-based fluids. They provide excellent insulation properties, enhanced compatibility with 

transformer materials, and improved overall performance. Furthermore, these fluids adhere to 

compliance and safety standards.  The alternative dielectric fluids are associated with an extended 

life cycle of insulation, reducing the need for frequent maintenance or replacement. Their 

compatibility with various transformer components enhances the overall working efficiency of 

transformers. A diverse body of research has been conducted to evaluate the performance, safety, 

and environmental impact of these alternative dielectric fluids [34]. The cumulative findings support 

the claim that these fluids are superior choices for transformer applications. The article outlines 

future research opportunities and challenges in the field of alternative dielectric fluids. These include 

further optimization of fluid compositions, long-term monitoring, and the development of 

standardized testing protocols. 

The transition to alternative dielectric fluids reflects a broader commitment to 

environmentally friendly solutions in the power industry. These solutions contribute to the reduction 

of greenhouse gas emissions and support sustainability goals [35]. This highlights the central role of 

transformers in modern power systems and the imperative to address environmental, safety, and 

economic challenges associated with traditional insulating fluids. The transition to alternative 

dielectric fluids demonstrates a commitment to sustainability, better performance, and adherence to 

evolving compliance standards. 

Transformers stand as the backbone of electrical transmission and distribution systems, 

catering to a wide spectrum of applications. They facilitate both primary and secondary transmission, 

as well as primary and secondary distribution, operating at diverse voltage levels, including       

Ultra-High Voltage (UHV), High Voltage (HV), Medium Voltage (MV), and Low Voltage (LV) 

[36]. The reliability and performance of these transformers are fundamentally governed by the 

complex three-dimensional insulation system composed of paper and press board, enveloping 

conductors and immersed in insulating liquid [37]. At the heart of this insulation system lies the 

liquid-cellulose interface, which serves a multifaceted role, including providing dielectric isolation, 
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mechanical reinforcement, and efficient heat dissipation [38]. The health and integrity of this critical 

insulation system are monitored and assessed through a battery of tests and diagnostic procedures. 

These diagnostic techniques, are indispensable for ensuring the condition and operational viability of 

transformer insulation. 

The evolving landscape of low-carbon networks and smart grids has ushered in a new era of 

electrical power system plants, characterized by heightened dynamism and unpredictability [39]. 

These developments have placed substantial demands on the reliability and performance of 

insulation materials employed in the power industry. For almost a century, mineral oils have reigned 

as the coolant and insulator of choice [40]. Globally, these insulating liquids, amounting to billions 

of liters, play a pivotal role in power equipment [41]. They serve a tripartite function: first, as 

electrical insulators, second, as efficient heat conductors, ensuring the transfer of heat from 

conductors to radiators; and third, as essential diagnostic tools for monitoring equipment health 

through regular assessments. These insulating liquids also function as effective mediums for 

quenching arc discharges and for acoustic dampening within power equipment, both of which are 

integral to the longevity of the equipment itself. 

From the above we can say that designing transformer windings with effective heat 

dissipation is a critical requirement to ensure their reliable operation. Transformers are essential 

components in electrical power systems and are used for various applications across different voltage 

levels. They are responsible for voltage transformation and play a crucial role in power distribution. 

One of the primary challenges in transformer design is managing the heat generated during 

operation, mainly due to resistive losses. Excessive temperatures can be detrimental to the 

transformer's insulation system, potentially leading to failures with significant financial implications. 

Therefore, the cooling capability of a transformer is essential, as it directly impacts the amount of 

power the transformer can handle safely and efficiently. 

Many researchers and industrialists prefer liquid-insulated-dielectric coolant transformers, 

commonly known as oil-filled transformers, over dry-type transformers [42]. Unlike solid insulation, 

liquid insulation has the dual advantage of providing both electrical insulation and effective cooling. 

This liquid insulation dissipates the heat generated in the transformer's windings, contributing to 

efficient and reliable operation. In fluid-filled transformers, the insulation system must meet several 

key criteria. It needs to offer adequate dielectric strength to withstand the operating and test voltage 

stresses, provide sufficient cooling channels to dissipate heat effectively, and possess the mechanical 

strength necessary for the windings to endure the rigors of service conditions. 
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Oil-filled transformers are prevalent in high-voltage applications, utilizing a composite 

insulation system comprising solid (cellulose insulation) and liquid insulation (typically naphthenic 

mineral oil). This insulation system is favored for its exceptional thermal and dielectric properties, 

making it well-suited for demanding high-voltage transformer applications. The insulation system in 

oil-filled transformers is constructed as a composite structure. It consists of oil-impregnated press 

board layers with oil channels interspersed between these layers. This design allows for effective 

heat dissipation and ensures the transformer's reliable and efficient performance in various electrical 

power system applications. Transformers are integral to power distribution, and their design and 

insulation systems are key factors in maintaining the stability and functionality of modern electrical 

grids. 

2.2 Overview Of Mineral Oil Filled Transformers  

An introductory survey covering the basic principles of mineral oil-filled transformers, their 

role in power distribution, and their significance. The flammability of mineral oil emerged as            

a critical concern [43]. The recent surge in power demand has placed immense stress on numerous 

aging networks, leading to an unusually high failure rate in medium and large power transformers 

[44]. In certain cases, mineral-oil-based insulating solutions have encountered difficulties and 

limitations [45]. Incidents involving explosions of mineral-oil-immersed transformers, resulting in 

fires and extensive collateral damage, have raised significant safety concerns. Government regulators 

impose severe penalties for mineral oil spills in the environment, underscoring the adverse 

consequences of uncontained spills. The limited biodegradability of transformer oil makes it             

a substantial environmental hazard, capable of poisoning soil and waterways, particularly in the case 

of extensive spills [46].  

2.2.1 Dissolved Gas Analysis (DGA) in Transformers 

 A comprehensive survey on DGA, its importance in transformer maintenance, and the 

various gases and fault types it can detect. Polychlorinated biphenyl (PCB) filled transformers were 

extensively used from 1929 to 1972, offering enhanced fire safety along with the traditional benefits 

of liquid-filled transformers [32]. In 1978, the National Fire Protection Association's National 

Electric Code (NEC) introduced "K" class less-flammable transformer fluids as a legal requirement, 

specifying a minimum open-cup fire point of 300°C for qualifying fluids as discussed in this [32] 

work by the authors. However, in the mid-1970s, it became evident that PCBs were environmentally 

unfriendly, leading to their prohibition due to environmental concerns [47]. Subsequently, silicone 

and synthetic ester-based insulating solutions have served as alternatives to PCBs for nearly four 
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decades [32]. In the early 1990s, extensive research and development efforts were initiated in 

response to environmental regulations and liability concerns associated with non-edible oils like 

mineral oil and other PCB replacements [48]. Alternate dielectric fluids (ADF) can be naturally 

derived from seeds and flowers. These fluids offer desirable characteristics such as high 

biodegradability, low toxicity, elevated flash points, fire points, and reduced flammability. ADF has 

demonstrated its effectiveness as a suitable replacement for mineral oil in various types of 

transformers. Researchers and industries worldwide are actively investigating the properties of 

different vegetable oils to explore their potential as insulating oils in transformers, aligning with 

environmental preservation goals [49, 50]. It is important to note that vegetable oils have a higher 

moisture absorption capacity in comparison to mineral oils. However, due to the substantial 

proportion of unsaturated fatty acids they contain, vegetable oils are less stable and more susceptible 

to oxidation. The dielectric and physiochemical properties of vegetable oils are strongly influenced 

by the composition of their fatty acid hydrocarbon chains and the degree of unsaturation. 

2.2.2 Mineral Oil (MO) and Natural Ester (NE)-based insulating materials  

Vegetable oils tend to have higher acidity compared to mineral oils due to the hydrolysis 

reaction that generates acids, a reaction not typically observed in mineral oils [31]. Mineral oil 

contains low molecular weight acids (LMA) like acetic, formic, and levulinic acids, while vegetable 

oils are primarily composed of high molecular weight acids (HMA) such as stearic and oleic acids 

[51]. Table 2.1 provides an overview of previous research work conducted on mineral oil (MO) and 

natural ester (NE)-based insulating materials. Mineral Oil is a type of insulating oil derived from 

petroleum. It has been widely used as an insulating material in electrical transformers and other high-

voltage equipment. It has good electrical insulating properties and is cost-effective. While the 

Natural Ester (NE)-Based Insulating Materials are the natural esters are biodegradable insulating 

fluids made from vegetable oils, such as soybean oil or rapeseed oil. They are considered 

environmentally friendly and sustainable alternatives to mineral oil. NE-based insulating materials 

are known for their high fire resistance and excellent biodegradability as discussed in Table 2.1. 

They have been used in power transformers and other electrical equipment where fire safety and 

environmental concerns are important.  
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Table 2.1: Comparison Properties of Mineral Oil and Natural Ester Transformer Dielectric Fluids 

Property/Characteristic      Mineral Oil (MO)         Natural Ester (NE)-Based 

Source                       Petroleum-based          Vegetable oil-based       

Biodegradability Non-biodegradable        Biodegradable             

Fire Resistance Moderate                 High                      

Environmental Impact        Non-environmentally friendly Environmentally friendly 

Dielectric Strength          Good                      Good                      

Thermal Conductivity         Moderate                 Moderate                 

Cost                         Economical                Relatively higher         

Transformer Types Used       Common in older units    Preferred in new units    

 

This Table 2.1 provides a simplified comparison of some key properties and characteristics of 

mineral oil (MO) and natural ester (NE)-based insulating materials. The choice between the two 

depends on specific application requirements, environmental considerations, and safety regulations. 

Please note that the actual properties and suitability can vary based on specific formulations and 

manufacturer specifications. In recent years, alternate dielectric insulation fluids have gained 

popularity due to their eco-friendly characteristics [33]. Prominent ADFs in the market include 

ABB's "BIOTEMP®," Cargill's "Envirotemp FR3®," MIDEL's "MIDEL®," NYNAS's "Gemini 

X®," Savita's "BioTransol®" and "Transol Synth®," and NYCO's "Nycodiel®," as cited in various 

published documents. These products underscore the growing interest in environmentally friendly 

insulating oils. 

2.3 Online Detection Methods 

 Detective correction and strategic prevention in transformer maintenance is the major aim for 

this online testing and diagnostic system [44]. An exploration of the traditional approach to 

transformer maintenance, which relies on detective measures, and the modern approach that focuses 

on strategic prevention. This solution leverages data from DGA and other diagnostic tests to assess 

the health of transformers and predict potential issues [52]. It incorporates predictive maintenance 

strategies and aims to extend the operational life of transformers while minimizing downtime. The 

system utilizes a comprehensive analysis of dissolved gases, allowing for the early detection of 

incipient faults. By assessing the conditional probability of fault occurrences, it provides a 

probabilistic indicator of each fault type's likelihood [53]. This information can assist in prioritizing 

maintenance efforts and resources where they are most needed. This approach offers a proactive and 
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data-driven method for managing transformer fleets, ensuring their reliability and longevity in the 

power grid [54] is shown as in Table 2.2. It aligns with the industry's shift towards strategic 

prevention and predictive maintenance to optimize asset management and enhance power system 

reliability. 

Table 2.2: Online Transformer Diagnostic Techniques: Tools and Detectable Faults 

Online Test  What it Detects                                                   Tools and Equipment Used    

DGA  [55] Internal arcing, bad electrical contacts, 

hot spots, partial discharge, and 

overheating of conductors, oil, tank 

cellulose insulation 

Requires laboratory analysis   

Oil Physical and 

Chemical Tests [56] 

| Moisture, degraded IFT, acidity, 

furans, dielectric strength and power 

factor 

Requires laboratory analysis 

External Physical 

Inspection [57] 

Oil leaks, broken parts, worn paint, 

defective support structure, stuck 

indicators, noisy operation, loose    

connections, cooling problems with 

fans, pumps, etc    

Experienced staff and 

binoculars 

External 

Temperatures [58]        

Temperature monitoring with changes in 

load and ambient temperature (Main 

tank and load tap changer) 

Portable temperature data 

loggers and software                      

Infrared Scan [59]                Hot spots indicating localized heating, 

circulating currents, blocked cooling, tap 

changer problems, and loose 

connections 

Thermographic camera and 

analysis software                       

Ultrasonic 

(Acoustic) Contact 

Fault Detection [60]            

Internal partial discharge, arcing, 

sparking, loose shields, poor bushing 

connections, bad tap changer contacts, 

core, ground problems, and weak 

insulation that is causing corona.    

Ultrasonic detectors and 

analysis software                          

Sonic Fault 

Detection [61-62]            

Nitrogen leaks, vacuum leaks, core and 

coil vibration, corona at bushings, and 

mechanical and bearing problems in 

pumps and cooling fans 

Ultrasonic probe and meter        
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Vibration Analysis 

[63-64]           

Internal core, coil, and shield problems; 

loose parts and bad bearings  

Vibration data logger             

 

This Table 2.2 provides an overview of different tests used for assessing the condition of 

transformers, what they detect, and the tools and equipment employed for each test. 

2.4 Transitioning To Strategic-Prevention 

An in-depth survey discussing the factors driving the shift from detective-correction to strategic-

prevention in transformer maintenance, including regulatory changes, technological advancements, 

and industry best practices.  

Table 2.3: Common Transformer Faults and Their Descriptions 

Fault Examples                               Description                                                    

Partial 

discharges [65]                       

Discharges in gas-filled cavities in insulation resulting from incomplete 

impregnation, high moisture in paper, gas in oil super saturation or cavitation 

(gas bubbles in oil) leading to X wax formation on paper 

Discharges of 

low energy [66]                   

Sparking or arcing between bad connections of different floating potential, 

from shielding rings, toroids, adjacent discs or conductors of different 

windings, broken brazing, closed loops in the core. Additional core grounds. 

Discharges between clamping parts, bushing and tank, high voltage and 

ground, within windings. Tracking in wood blocks, glue of insulating beam, 

winding spacers. Dielectric breakdown of oil, load tap changer breaking 

contact 

Discharges of 

high energy 

[67-68]                   

Flashover, tracking or arcing of high local energy or with power follow-

through. Short circuits between low voltage and ground, connectors, 

windings, bushings, and tank, windings and core, copper bus and tank, in oil 

duct. Closed loops between two adjacent conductors around the main 

magnetic flux, insulated bolts of core, metal rings holding core legs. 

Overheating 

less than 300 

°C [69-70]              

Overloading the transformer in emergency situations. Blocked or restricted 

oil flow in windings. Other cooling problem, pumps valves, etc. See the 

“Cooling” section in this document. Stray flux in damping beams of yoke. 

Overheating 

over 700 °C 

[71]                      

Large circulating currents in tank and core. Minor currents in tank walls 

created by high uncompensated magnetic field. Shorted core laminations. 
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This Table 2.3 outlines various typical faults in power transformers and provides descriptions for 

each fault type. 

Notes: 

a. The last overheating problem in the table says “over 700 °C.” Recent laboratory discoveries 

have found that acetylene can be produced in trace amounts at 500 °C, which is not reflected 

in this table. We have several transformers that show trace amounts of acetylene that 

probably are not active arcing but are the result of high-temperature thermal faults, as in the 

example. It may also be the result of one arc, due to a nearby lightning strike or voltage 

surge. 

b. A bad connection at the bottom of a bushing can be confirmed by comparing infrared scans 

of the top of the bushing with a sister bushing. When loaded, heat from a poor connection at 

the bottom will migrate to the top of the bushing, which will display a markedly higher 

temperature. If the top connection is checked and found tight, the problem is probably a bad 

connection at the bottom of the bushing. 

c. Importance of Early Fault Detection: An analysis of the benefits of early fault detection using 

DGA, and how it can minimize downtime and prevent catastrophic transformer failures [72]. 

The importance of early fault detection, particularly in the context of water solubility in 

transformer oil at different temperatures. Early fault detection based on water solubility data 

helps in identifying potential issues in transformer insulation. High water content can lead to 

reduced dielectric strength and accelerated insulation degradation. Detecting and addressing 

these issues at an early stage can prevent costly transformer failures. Timely detection of 

water-related problems allows for corrective actions to be taken promptly. Addressing these 

issues can extend the lifespan of transformers, reducing the need for premature replacements 

and associated expenses. 

Transformers with optimal oil conditions operate more efficiently. By maintaining low water 

content through early fault detection and intervention, transformers can deliver their rated 

performance, contributing to the stability and reliability of the electrical grid [65 and 73]. Early 

detection of water-related faults can save utilities and operators substantial costs. Avoiding major 

failures and minimizing downtime for maintenance or repairs can lead to significant cost savings. 

Ensuring the integrity of transformers through early fault detection enhances the overall safety and 

reliability of the power grid. Sudden failures can lead to outages, potentially causing disruptions and 
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safety hazards. 

Water solubility data serves as a vital component of condition-based maintenance strategies. 

By monitoring the water content in transformer oil, maintenance activities can be planned 

proactively, optimizing resource allocation and reducing downtime [74]. Detecting faults early 

reduces the likelihood of catastrophic failures that can result in oil spills and environmental damage. 

This aligns with environmental sustainability goals and minimizes the environmental impact of 

transformer failures. Many regulatory standards and industry guidelines specify acceptable levels of 

water content in transformer oil. Early fault detection ensures compliance with these standards, 

preventing regulatory issues and potential fines. The early fault detection based on water solubility 

data is essential for maintaining the reliability and longevity of power transformers. It allows for 

timely corrective measures to be taken, ensuring safe and efficient operation, reducing costs, and 

minimizing disruptions in the power supply. 

The influence of oil temperature on early fault detection based on water solubility in 

transformer oil is significant. The solubility of water in oil is temperature-dependent, and 

understanding this relationship is crucial for effective fault detection [44 and 75]. As the temperature 

of transformer oil increases, its ability to dissolve and retain water decreases as in Fig.2.1. In other 

words, higher oil temperatures reduce the solubility of water in the oil. This can lead to the release of 

previously dissolved water from the oil into other components of the transformer, such as the 

insulation paper. When the oil temperature rises, any water present in the oil may come out of 

solution and become more prevalent. This change in water content is a crucial parameter for fault 

detection. Monitoring the water content in the oil at different temperatures allows for the 

identification of abnormal trends or sudden increases in water concentration. 

 

Fig. 2.1 Water Solubility in Transformer Oil as a function of Temperatures [44 and 75] 
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This Table 2.3 provides information about the solubility of water in transformer oil at 

various temperatures. Water solubility in transformer oil is an essential factor to consider in the 

maintenance and operation of transformers, as excessive water content in the oil can negatively 

impact the transformer's performance and insulation properties as shown in Fig.2.1. This X-axis 

indicates the temperature in degrees Celsius. Temperature plays a crucial role in determining the 

solubility of water in transformer oil. As the temperature increases, the oil's ability to dissolve and 

retain water also increases. The water solubility is expressed in parts per million (ppm) by volume is 

represented on Y-axis. It quantifies the maximum amount of water that the transformer oil can hold 

at a given temperature. Higher values in this column indicate that the oil can dissolve and retain more 

water. Understanding the solubility of water in transformer oil is vital for ensuring the safe and 

efficient operation of transformers. Regular monitoring and maintenance help prevent excessive 

water content, which can lead to issues such as reduced dielectric strength, oil degradation, and 

ultimately, transformer failure. This data can serve as a reference for transformer operators and 

maintenance personnel to make informed decisions regarding the condition of the oil and the need 

for maintenance or replacement. 

Elevated oil temperatures can indicate potential overheating or abnormal operation of the 

transformer. If the water content is also increasing at higher temperatures, it can be a warning sign of 

insulation degradation. Detecting this trend early provides an opportunity to address the issue before 

it escalates. Operators and maintenance personnel can set specific temperature thresholds, beyond 

which water content levels trigger alarms or maintenance actions. This proactive approach helps in 

identifying issues early and preventing further deterioration. Early fault detection is more accurate 

when both oil temperature and water content are considered. The combination of these parameters 

provides a more comprehensive view of the transformer's condition, allowing for a more precise 

diagnosis of potential problems. By considering temperature-dependent water solubility, operators 

can assess the risk associated with different temperature scenarios. For example, if the oil 

temperature is expected to rise due to increased load, early fault detection can predict the associated 

change in water content and assess the risk of overheating and insulation degradation. Temperature-

dependent water solubility data can inform condition-based maintenance strategies. Maintenance 

activities can be scheduled based on both oil temperature and water content trends, optimizing the 

timing of maintenance interventions. The oil temperature significantly influences the early fault 

detection process by affecting the solubility of water in transformer oil. Understanding this influence 

and monitoring both temperature and water content is crucial for detecting potential issues in 



 

23 

transformers and implementing timely corrective actions to maintain their reliability and longevity. 

2.5 Key Indicators And Interpretation 

A survey of the primary gases detected by DGA, such as methane, ethylene, and acetylene, 

and how their presence indicates specific types of transformer faults [76]. Further online and offline 

tests are tabulated to show their detection and tools used to diagonalize the transformer condition. 

The key gases used in Dissolved Gas Analysis (DGA) for the interpretation of faults in electrical 

transformers. DGA is a widely used diagnostic technique to assess the condition of the insulating 

materials, particularly oil and paper, within transformers. By monitoring the presence and quantity of 

specific gases, experts can identify potential problems and faults in the transformer.  

The key gases used in DGA to assess transformer health are hydrogen (H2), methane (CH4), 

ethane (C2H6), ethylene (C2H4), acetylene (C2H2), carbon monoxide (CO), and oxygen (O2) [38 

and 76]. These gases are formed as a result of the degradation of both the oil and paper insulation 

within the transformer. Hydrogen, methane, ethane, ethylene, acetylene, carbon monoxide, and 

oxygen are primarily produced from the degradation of the transformer's insulating oil. Carbon 

dioxide (CO2), carbon monoxide (CO), and oxygen can be produced from the degradation of 

cellulose (paper) insulation. Carbon dioxide, oxygen, nitrogen (N2), and moisture can also be 

absorbed from the air if there is an oil/air interface or a leak in the transformer tank. The types and 

quantities of gases detected in DGA vary based on the location and severity of the fault in the 

transformer. Low-energy events like partial discharges may produce hydrogen and trace amounts of 

methane and ethane. High-energy events, such as sustained arcing, can generate all the mentioned 

gases, including acetylene, which requires significant energy. Some transformers have a pressurized 

nitrogen blanket above the oil to prevent contact with oxygen and moisture. Nitrogen levels may be 

close to saturation in such transformers. DGA is a valuable tool for detecting and diagnosing 

potential issues in electrical transformers, allowing for timely maintenance and the prevention of 

catastrophic failures. The presence and concentration of specific gases in the transformer oil can 

provide insights into the type and severity of faults, guiding maintenance and repair efforts. The key 

gases detected during DGA in electrical transformers and their association with various types of 

faults or issues that can occur within the transformer is Tabulated as shown in Table 2.4. 

Table 2.4: Transformer Fault Analysis: Key Gases, Possible Findings, and Indications 

Fault Type Key Gases Possible Findings Indications 

Partial Discharges 

(Corona) 

Hydrogen (H2), 

possible traces of 

Weakened insulation 

due to aging and 

These gases may be 

indicative of partial 
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methane (CH4) and 

ethane (C2H6). 

Possible carbon 

monoxide (CO) 

electrical stress discharges or corona 

discharges within the 

transformer, which can 

be caused by 

weakened insulation 

Low-Energy 

Discharges (Sparking) 

Hydrogen (H2), 

methane (CH4), and 

possibly trace amounts 

of carbon monoxide 

(CO) and ethane 

(C2H6). 

Pinhole punctures in 

paper insulation, 

carbon and carbon 

tracking, and potential 

loose shield or poor 

grounding of metal 

objects 

Low-energy 

discharges may result 

from pinhole 

punctures in the paper 

insulation or issues 

with shielding and 

grounding 

High-Energy 

Discharges (Arcing) 

Hydrogen (H2), 

methane (CH4), 

ethane (C2H6), 

ethylene (C2H4), and 

acetylene (C2H2). 

Carbon monoxide 

(CO) may also be 

present if paper 

insulation is involved 

Metal fusion due to 

poor contacts in tap 

changers or lead 

connections, 

weakened insulation 

from aging and 

electrical stress, 

carbonized oil, and 

potential destruction 

of paper insulation 

High-energy 

discharges or arcing 

can result from various 

issues and can 

generate a range of 

gases, including 

acetylene, which 

requires significant 

energy 

Thermal Fault (Less 

than 300°C) 

Hydrogen (H2), 

carbon monoxide 

(CO) 

A thermal fault in an 

area close to paper 

insulation, 

discoloration of paper 

insulation, overloading 

and/or cooling 

problems, and bad 

connections in leads or 

tap changers 

Thermal faults at 

lower temperatures 

can lead to 

discoloration of paper 

insulation and other 

issues. 

Thermal Fault 

(Between 300°C and 

700°C) 

Hydrogen (H2), 

carbon monoxide 

(CO), methane (CH4), 

ethane (C2H6), and 

Paper  insulation 

destroyed, heavily 

carbonized oil, and the 

presence of acetylene 

Higher-temperature 

thermal faults can lead 

to more severe damage 

and significant gas 
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ethylene (C2H4). in significant amounts generation. 

High-Energy 

Electrical Arcing 

(700°C and Above) 

All the above gases 

and metal 

discoloration may also 

be present 

Similar to the previous 

category but with the 

addition of metal 

discoloration.  

Arcing may have 

caused a thermal fault 

at high temperatures 

 

2.6  Monitoring And Data Analysis Tools 

 A review of the tools and software used for continuous DGA monitoring and data analysis, 

and how they aid in the transition to a strategic-prevention approach. The assessment of the condition 

of oil-immersed power transformers is a crucial aspect of their maintenance. Various methods for 

evaluating key transformer parameters are well-established and categorized into two main groups: 

offline methods and online methods, each comprising specific techniques [77]. Common offline 

methods include determining the degree of polymerization (DP), furan analysis, dielectric response 

analysis, insulation resistance, sweep frequency response analysis (SFRA), and others [78]. Online 

methods encompass dissolved gas analysis (DGA), partial discharge analysis, thermal monitoring, 

and vibration analysis [65 and 79]. DGA is the most commonly used technique in modern 

monitoring systems, and it can be applied either online or offline. Following offline or online 

measurements and data acquisition, several methods can be employed to assess the overall condition 

or state of a power transformer [80 and 81]. These methods may involve complex computational and 

artificial intelligence techniques, such as machine learning, artificial neural networks, fuzzy logic, 

and more [82-86].  

However, existing methods often have limitations, including their reliance on specific input 

data, their focus on particular datasets, their inability to provide a comprehensive evaluation of the 

transformer's condition, and their incapability to handle incomplete or uncertain data. The solution 

proposed in these research papers introduces a condition-based assessment and maintenance 

approach based on multiple attribute analysis and an evidential reasoning algorithm. The first step 

involves decomposing the target object into elementary attributes, assigning weights to these 

attributes, collecting both offline and online data, converting the collected quantitative data into 

qualitative grades, and then performing an aggregation process using attribute grades, weights, and 

uncertainty. The result is a single value that represents the current condition state of the observed 

object. This utility grade plays a vital role in the decision-making process regarding maintenance. 

On-line DGA data is valuable for transformer diagnostics, with a focus on the rate of change 

(ROC) rather than absolute values. Interpreting DGA data for transformers is challenging due to 
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various factors like size, design, oil quantity, and operating conditions, making ROC more important 

[87]. Periodic oil sampling can be unreliable, and the future lies in on-line diagnostic tools that 

monitor ROC of gases and their ratios. Models like Duval Triangle and Rogers Ratios provide 

actionable insights based on gas concentrations. Automated diagnostics with on-line DGA data can 

detect issues early and prevent unplanned failures, as demonstrated by a real-life example of             

a defective brazing in a transformer. 

2.7  Transformer Life Extension Strategies 

 An exploration of strategies and techniques for extending the operational life of mineral      

oil-filled transformers, including load management, retrofilling, and condition-based maintenance 

[88]. At a long-term and strategic level, a comprehensive condition assessment study serves as a 

pivotal tool for senior management, offering a lucid view of the maintenance and renewal 

investments required over the ensuing 20 to 30 years. These investments are essential for ensuring 

the reliability and availability of assets. Such insights provide a robust foundation for evaluating 

various asset management strategies, enabling the selection of an approach that aligns optimally with 

the overarching technical and financial strategy of the company. The lifetime of a power transformer 

is defined by the decay rate of its cellulose insulation. This decay increases with increasing oxygen 

and water content in the paper and the surrounding insulating medium. Insulation systems composed 

of ester liquids and cellulose materials have been shown to operate with lower moisture content in 

the insulation system and endure higher temperatures than those composed of mineral oil and 

cellulose materials, making them an ideal choice. There are three factors that contribute to the lower 

aging rate and longer lifetime of ester-filled transformers:  

• The moisture content in the mineral-oil-filled system increases with time, while that of the 

ester-filled system declines. An ester-filled cellulose insulation system operates with lower 

cellulose insulation moisture content than one filled with mineral oil [89]. 

 • The solubility of water in ester liquids is several times higher than in mineral oil at typical 

transformer operating temperatures. This means more water is drawn out of the paper into the 

ester liquid.  

• Cellulose polymers change when aged in natural ester liquids. The chemical reaction of water 

generated during the cellulose aging process with natural esters produces free fatty acids that 

attach to the cellulose structure through a reaction called trans-esterification, thus forming a 

barrier to water ingress, leading to a decline in the rate of deterioration of the cellulose 

insulation [90]. 
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In the medium term, a condition assessment equips asset managers with the essential 

information needed to make prudent decisions regarding the allocation of maintenance or 

replacement budgets [91-92]. This allows for the allocation of funds to those units that promise the 

highest return on investment, concurrently mitigating technical and environmental operational risks. 

The Table 2.5 provides an overview of different transformer parts, the types of faults they can 

experience, the early warnings for these faults, and the parameters that are monitored for each part. 

Monitoring these parameters helps in the early detection and prevention of potential issues, ensuring 

the reliable operation of the transformer. 

Table 2.5: Transformer Fault Monitoring: Key Parameters for Early Detection 

Transformer 

Parts 

Faults Early 

Warnings 

Monitored parameters 

Temperature Electrical Mechanical Chemical 

Main Tank Mechanical 

faults 

Short Circuit ✔ ✔ ✔ ✔ 

Winding 

displacement 

✔  ✔ ✔ 

Winding 

looseness 

✔  ✔ ✔ 

Electrical 

faults 

Partial 

Discharge 

 ✔  ✔ 

Overvoltage 

through faults 

✔   ✔ 

Arching  ✔  ✔ 

Thermal 

faults 

Cooling issues ✔   ✔ 

Insulation 

aging 

   ✔ 

Overloading ✔ ✔  ✔ 

Overheating 

(eg. Improper 

connection 

✔   ✔ 

Accessories  Cooling 

system 

✔ ✔ ✔ ✔ 

 Bushings ✔ ✔ ✔ ✔ 

 Tap Changers ✔  ✔ ✔ 

 Oil ✔   ✔ 



 

28 

preservative 

system 

 

2.8 Future Trends In Transformer Maintenance 

A survey of emerging technologies and trends are tabulated as a summary is shown in Table 2.6 in 

the field of transformer maintenance, including predictive maintenance, IoT integration, and the role 

of artificial intelligence.  

Table 2.6: Comparing Maintenance Strategies discussing Benefits, Challenges, and Applications 

 Benefits  Challenges                           Suitable 

Applications 

Unsuitable 

Applications                                    

RM (Reliability-

centered Maintenance) |  

Maximum 

utilization and 

production value 

Unplanned 

downtime 

Lower 

prevention cost 

Repairing 

equipment 

with low cost 

after 

breakdown 

damage for 

the 

equipment 

 Higher repair cost   

 Equipment failure 

creates a safety 

risk 

  

 24/7 equipment 

availability is 

necessary 

  

 Redundant or 

non-critical 

equipment 

  

 High spare parts 

inventory cost 

  

PM (Preventive 

Maintenance)  

Lower repair cost Less equipment 

malfunction and 

unplanned 

downtime 

Need for 

inventory | - 

Increased 

planned 

Maintenance 

on seemingly 

perfect 

equipment 
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downtime 

 Have a likelihood 

of failure that 

increases with 

time or use 

  

 Have random 

failures that are 

unrelated to 

maintenance 

  

PdM (Predictive 

Maintenance)  

A holistic view of 

equipment health 

Improved 

analytics options 

Avoid running 

to failure 

Avoid 

replacing a 

component 

with useful 

life 

Increased upfront 

infrastructure cost 

and setup (e.g., 

sensors) 

More complex 

system 

Have failure 

modes that can 

be cost-

effectively 

predicted with 

regular 

monitoring 

Do not have 

a failure 

mode that 

can be cost-

effectively 

predicted 

 

This Table 2.6 offers a concise overview of the key advantages, challenges, and recommended use 

cases for each maintenance strategy, aiding in decision-making related to maintenance practices 

based on specific equipment and operational requirements. 

2.8.1 Optimizing Predictive Maintenance Strategy 

Table 2.7: Literature Review on Optimizing Predictive Maintenance Strategy 

Reference Year Objective Equipment Solving Function 

You et al. [93] 2009 Maintenance cost rate Drill bit Heuristic 

Grall et al. [94] 2002 Long-run s-expected 

maintenance cost rate 

Deteriorating 

systems 

Heuristic 

He and Gu et al. 

[95–97] 

2018 Cumulative comprehensive 

cost 

Cyber 

manufacturing 

systems 

Heuristic 
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Van der Weide et 

al. [98] 

2010 Discounted maintenance 

cost 

Engineering 

systems with 

shocks 

 

Louhichi et al. 

[99] 

2019 Total maintenance cost Generic industrial 

systems 

 

Heuristic 

Feng et al. [100] 2016 Maintenance cost Degrading 

Components 

 

Huang et al. 

[101] 

2019 Reliability Dynamic 

environment with 

shocks 

Kaplan-Meier 

method 

Shen et al. [102] 2018 Reliability Multi-component 

in series 

 

Li et al. [103] 2019 Reliability  Deteriorating 

structures 

Phase-type (PH) 

distributions 

Song et al. [104] 2016 Reliability Multiple-

component series 

systems 

 

Gao et al. [105] 2019 Reliability Degradation-shock 

dependence 

systems 

 

Gravette et al. 

[106] 

2015 Availability A US Air Force 

system 

 

Chouikhi et al. 

[107]  

2012 Availability Continuously 

degrading system 

Nelder-Mead method 

Qiu et al. [108]  2017 Steady-state 

availability/average long-

run cost rate 

Remote power 

feeding system 

Heuristic 

Zhu et al. [109]  2010 Availability with cost 

constraints 

A competing risk 

system 

 

Compare et al. 

[110] 

2017 Availability PHM-Equipped 

component 

Chebyshev’s 

inequality 

Tian et al. [111] 2012 Cost & reliability |  Shear pump 

bearings 

Physical 

programming 

approach 
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Lin et al. [112]  2018 Maintenance cost & 

availability with reliability 

constraint 

Aircraft fleet Two-models fusion 

Zhao et al. [113]  2018 Maintenance costs & ship 

reliability 

Ship NSGA-II 

Xiang et al. [114]  2016 Operational cost rate & 

average availability 

Manufactured 

components 

Rosenbrock method 

Wang et al. [115] 2019 Total workload, total cost, 

and demand satisfaction 

Vehicle fleet NSGA-III, SMS-

EMOA, DI-MOEA 

Kim et al. [116] 2018 Expected damage detection 

delay, expected 

maintenance delay, 

damage detection time-

based reliability index, 

expected service life 

extension, and expected 

life-cycle cost 

Deteriorating 

structure 

Genetic Algorithm 

Rinaldi et al. 

[117]  

2019 Costs, reliability, 

availability, 

costs/reliability ratio, and 

costs/availability ratio 

Offshore wind farm Genetic algorithms 

 

This Table 2.7 summarizes various studies and their objectives, equipment, and methods for 

optimizing predictive maintenance strategies, highlighting the diverse research efforts and 

approaches in this field. 

2.8.2 Knowledge Representation Approaches for Predictive Maintenance Systems 

Table 2.8: Comparison of Knowledge Representation Approaches for Predictive Maintenance 

Systems 

Approaches       Advantages                                            Limitations                                   References                         

Ontology-based Formal description of 

context knowledge 

Lack of reasoning [118] 

 Easy integration, 

sharing, and 

knowledge reuse   

Require prior acquisition of 

complete system context 

knowledge 

[119] 
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Rule-based        Reduction of 

challenges with 

numeric information 

Expensive and time-consuming 

implementation 

[120] 

 Automation of human 

intelligence for PdM          

Difficulty in handling new faults [121] 

  Need for complete knowledge 

for reliable rule-based systems 

[122] 

Model-based  High effectiveness and 

accuracy 

Complexity of real-life systems 

for modeling 

[123] 

 Reusability of models                                      Examination of mathematical 

assumptions 

[124-125] 

  Determination of various 

physics parameters 

[126] 

  Influence of structural dynamics 

and operating conditions 

[127] 

 

These knowledge-based approaches for predictive maintenance offer distinct advantages and face 

certain limitations are Tabulated as in Table 2.8, which are important considerations when choosing 

and implementing a specific approach in practice.  

2.8.3 Artificial Intelligence and Machine Learning Approaches for Predictive Maintenance Systems 

Table 2.9: Machine Learning Approaches for Predictive Maintenance Systems 

Approaches Learning 

Strategies 

Advantages Limitations Typical 

Applications for 

PdM 

ANN (Artificial 

Neural Networks) 

Iterative weight 

parameter 

updates with 

gradient descent 

High 

classification and 

prediction 

accuracy 

Many weight 

parameters 

requiring training 

Fault diagnosis of 

bearings [128, 

129] 

 Good 

approximation of 

nonlinear 

functions 

Possible need for 

extensive 

computational 

resources 

Potential for 

overfitting 

Predicting 

Remaining 

Useful Life 

(RUL) of 

bearings [130, 

131] 
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DT (Decision 

Trees)  

 

Recursive data 

splitting and class 

labeling 

Easy to 

understand 

Prone to 

overfitting 

Fault diagnosis in 

GCPVS [132], 

rail vehicles 

[133], refrigerant 

flow systems 

[134], anti-

friction bearings 

[135]. 

 Subtree pruning 

for reduced 

training error 

Non-parametric Limited 

prediction 

accuracy 

Fault prognosis 

for turbofan 

engines [136], 

lithium-ion 

batteries [137], 

mechanical 

equipment [138] 

SVM (Support 

Vector Machines) 

Optimal 

hyperplane 

identification and 

classification rule 

derivation 

Suitable for 

unstructured and 

semi-structured 

data 

No probabilistic 

classification 

explanation 

Fault diagnosis 

for chillers [139], 

rotation 

machinery [140], 

wind turbines 

[141] 

 Handling high-

dimensional 

features 

Less risk of 

overfitting 

No standard 

kernel function 

selection 

RUL prediction 

for Lithium-Ion 

batteries [142], 

bearing RUL 

prediction [143] 

KNN (k-Nearest 

Neighbors) 

Class assignment 

based on majority 

of nearest 

neighbors 

Few parameters 

to tune 

Sensitivity to 

unbalanced 

datasets and 

noisy attributes 

Fault diagnosis 

[144–145] 

 No training step 

required 

Easy to 

implement 

Curse of 

dimensionality 

RUL prediction 

[146] and early 

fault warning 

[147] 
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Autoencoders (AE) and their deep learning models offer promising techniques for extracting high-

level representations from raw data and other approaches are tabulated as in Table 2.9. To avoid 

learning similar features and reducing misclassification, Jia et al. [148] introduced the concept of      

a Local Connection Network (LCN) created through normalized sparse Autoencoders (NSAE) for 

automatic feature extraction from raw vibration signals. They incorporated a soft orthonormality 

constraint into the cost function to encourage the learning of dissimilar features. An experiment 

using raw data from planetary gearbox signals demonstrated a testing accuracy of 99.43%, 

surpassing other methods like PCA+SVM (41.04%), Stacked SAE+softmax (34.75%), and 

SAE+LCN (94.41%). 

Lu et al. [149] utilized a basic Autoencoder as a feature extractor to derive meaningful 

representations from high-dimensional bearing signal samples. However, working with raw data of 

high dimensionality can lead to computational challenges and over fitting due to the large number of 

model parameters. To address this, multi-domain features are first extracted from the raw data and 

then fed into Autoencoder-based models. Wang et al. [150] and Zhao et al. [151] utilized the 

frequency spectrum of vibration signals from planetary gearboxes as input for their stacked 

denoising Autoencoders. In [152], multiple features were extracted through time domain, frequency 

domain, and time-frequency domain analyses, which were then used as inputs for two different types 

of Autoencoders. 

The application of Convolutional Neural Networks (CNN) in Remaining Useful Life (RUL) 

prediction has received significant attention. Ren et al. [153] introduced a CNN combined with         

a smoothing method for predicting bearing RUL. They converted vibration signals into discrete 

frequency spectra (referred to as the spectrum-principal-energy-vector) using Fast Fourier Transform 

(FFT). The deep CNN then analyzed this spectrum-principal-energy-vector, resulting in a series of 

eigenvectors. Subsequently, a deep neural network model was employed for regression prediction to 

estimate the RUL of the bearing. Additionally, forward prediction data was used to linearly smooth 

the current forecast data, addressing discontinuities in predicted RUL. This method demonstrated      

a substantial improvement in bearing RUL prediction accuracy. 

Babu et al. [154] developed a 2D deep CNN for RUL prediction based on normalized variate 

time series from sensor signals. In their model, one dimension of the 2D input corresponds to the 

number of sensors. Average pooling was utilized, and a linear regression layer was placed on the top 

layer. The CNN structure was employed to extract local data features through the deep learning 

network for enhanced prognostics. In another approach, as seen in [155], time-frequency domain 



 

35 

information was obtained using the short-time Fourier transform and explored for prognostics. Multi-

scale feature extraction was implemented using CNN. Experiments conducted on a popular rolling 

bearing dataset collected from the PRONOSTIA platform demonstrated the effectiveness and high 

accuracy of this method. 

Zhu et al. [156] derived the Time Frequency Representation (TFR) of each sample using 

wavelet transform and fed the TFR into a Multi-Scale CNN (MSCNN) to extract more identifiable 

features. Subsequently, a regression layer following the MSCNN was employed for RUL estimation. 

Other CNN variants were also explored for RUL prediction, including double-convolutional neural 

networks [157] and residual convolutional neural networks [158]. 

a) Standards for PdM: Emerging technologies in PdM, particularly within intelligent 

manufacturing and Industry 4.0, lack standardized practices. The development of new 

standards is necessary to regulate the usage of these technologies, the design of PdM systems, 

and fault diagnosis and prognosis workflows. 

b) Large dataset: The effectiveness of DL-based PdM relies heavily on the quality and scale of 

the datasets. However, data collection is often resource-intensive and time-consuming. 

Establishing mechanisms for collecting and sharing large-scale datasets would be valuable to 

the PdM community. 

c) Data visualization: Understanding the internal workings of deep neural networks can be 

challenging due to their lack of transparency. Data visualization becomes essential for the 

analysis of vast amounts of fault information within neural network models and learning 

representations. 

d) Class imbalance issue: Imbalanced datasets are common in PdM because machine failures are 

rare and serious. Although techniques like GAN and transfer learning address this issue, there 

is ongoing difficulty in achieving satisfactory performance in imbalanced datasets across 

various applications. 

e) Maintenance strategy: Existing work predominantly focuses on fault diagnosis and prognosis, 

with limited attention to optimizing maintenance strategies. Incorporating AI technologies 

like Deep Reinforcement Learning (DRL) for maintenance automation, cost reduction, and 

downtime minimization is a significant area for development. 

f) Hybrid network architecture: Exploring and designing hybrid network architectures is crucial, 

as different DL networks offer unique features and advantages. Combining these 
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architectures can lead to improved performance, particularly in complex applications such as 

fault diagnosis for multi-component systems. 

g) Digital twin for PdM: Digital twins, with continuously updated simulation models reflecting 

real-life systems, provide extensive data on component behavior. This data is invaluable for 

fault detection and prediction. For instance, the use of deep transfer learning in a two-phase 

digital twin-assisted fault diagnosis method has been proposed. 

h) PdM for multi-component systems: As manufacturing systems grow in complexity and 

involve numerous components, most existing DL-based approaches are designed for specific 

components. Developing effective DL-based PdM algorithms for multi-component systems 

presents a challenging and open research problem. 

2.8.4 Deep Learning Architectures for Predictive Maintenance 

Table 2.10: Deep Learning Architectures for Predictive Maintenance discussing the Strengths, 

Weaknesses, and Applications 

Networks Advantages Limitations                                                    Typical Applications 

Autoencoder  Requires no prior data 

knowledge                         

 Demands a substantial amount 

of data for pretraining       

Feature extraction                                       

Enables fusion of multi-

sensory data and data 

compression 

Unable to determine the 

relevance of information                

Multi-sensory data 

fusion                  

Easily combinable with 

classification or 

regression       

Efficiency in reconstruction 

compared to GANs                  

Fault diagnosis, 

Degradation process 

estimation and RUL 

prediction                                                                                                       

CNN Outperforms ANN in 

numerous tasks, such as 

image 

Requires careful 

hyperparameter tuning            

Fault diagnosis                                          

recognition                                          Prone to overfitting                           Degradation process 

estimation                 

Offers reduced 

complexity and 

memory-saving 

compared     

High computational cost                                         RUL prediction 
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to ANN                                                    Necessitates a massive amount 

of training data                  

Joint fault diagnosis 

and RUL prediction                   

RNN Models time sequential 

dependencies                      

Grapples with gradient 

vanishing and exploding 

problems    

Fault diagnosis                                      

 Struggles with processing very 

long sequences                

RUL prediction                                        

 Faulters with tanh or relu 

activation functions           

Health indicator 

construction                        

DBN Employs a layer-by-

layer procedure for 

learning   

Comes with high computational 

cost                          

Feature extraction 

top-down, generative 

weights                           

 Fault classification                                     

Requires no labeled data 

during pretraining  

Maintains robustness in 

classification     

RUL prediction and 

early fault detection             

GAN               Effective for training 

classifiers in a semi-

supervised 

Training instability due to Nash 

equilibrium requirement 

Class imbalance issue                               

manner                                                Difficult to learn generating 

discrete data                  

Fault identification                                    

Introduces no 

deterministic bias 

compared to auto-

encoders 

 RUL prediction                                           
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Transfer 

Learning 

Reduces training time                                   Effective knowledge transfer 

only when 'appropriate'   

Fault diagnosis: 

Representation 

adaptation, parameter 

transfer, adversarial-

based domain 

adaptation, digital-

twin, AdaBN 

Requires minimal data 

from the target task                 

Prone to negative transfer                                     RUL prediction                                          

DRL Capable of solving 

complex problems                     

Demands extensive data and 

substantial computation          

Operation and 

maintenance decision 

making 

Maintains a balance 

between exploration and 

exploitation 

Assumes a Markovian world, 

which may not hold               

Fault diagnosis 

 Suffers from the curse of 

dimensionality                       

Health indicator 

learning 

 Challenges in reward function 

design                       

 

 

This Table 2.10 outlines the advantages, limitations, and typical applications of various Deep 

Learning (DL)-based approaches in the context of Predictive Maintenance. Each approach offers 

unique benefits and challenges, making them suitable for specific tasks.  

2.8.5 Real-time monitoring of transformer oil dielectric using data analytics and machine learning  

Incorporating data analytics and machine learning into the real-time monitoring of transformer 

oil dielectric properties offers significant advancements in transformer maintenance, leading to 

enhanced reliability and substantial cost savings. 

1. Early Detection and Preventive Maintenance: By continuously analyzing data from sensors 

monitoring oil dielectric properties, machine learning algorithms can identify early signs of oil 

degradation or contamination. This proactive approach enables utilities to schedule oil replacements 

or other necessary interventions before severe issues arise, thereby preventing transformer failures. 

Such foresight not only extends the lifespan of transformers but also ensures uninterrupted power 

supply, safeguarding revenue streams and maintaining system reliability. 

2. Mitigation of Transformer Failures: Transformer failures can lead to significant operational 
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disruptions and financial losses. Implementing real-time monitoring systems equipped with data 

analytics and machine learning enhances the ability to predict and prevent potential failures. This 

predictive capability reduces the risk of catastrophic events, thereby protecting critical infrastructure 

and minimizing downtime. For instance, a study highlighted that transformer failures result in not 

only repair or replacement costs but also revenue loss due to power outages, underscoring the 

importance of preventive measures.  

3. Cost-Effectiveness: While the initial investment in real-time monitoring technologies may be 

substantial, the long-term savings are considerable. By preventing transformer failures and extending 

equipment lifespan, utilities can avoid the high costs associated with emergency repairs, equipment 

replacements, and revenue losses from service interruptions. Additionally, predictive maintenance 

allows for more efficient resource allocation, further enhancing cost-effectiveness. Research 

indicates that maintaining transformer oil quality through regular monitoring and timely 

interventions can lead to significant cost savings compared to reactive maintenance approaches.  

4. Enhanced Grid Reliability: The integration of real-time monitoring systems contributes to the 

overall stability and reliability of the power grid. By ensuring that transformers operate within 

optimal conditions, the likelihood of unexpected failures decreases, leading to a more stable power 

supply. This reliability is crucial for both industrial operations and residential consumers, fostering 

trust and satisfaction among stakeholders. 

By leveraging data analytics and machine learning for real-time monitoring of transformer oil 

dielectric properties not only advances scientific understanding and industrial practices but also 

delivers substantial societal benefits through improved infrastructure reliability and economic 

efficiency. 

The transformer industry is undergoing significant transformations, driven by technological 

advancements and the increasing complexity of power systems. Traditional maintenance practices, 

often reactive and based on scheduled inspections, are being supplemented and, in some cases, 

replaced by more proactive and predictive approaches. 

2.8.6 Limitations of Current Maintenance Methods 

Current transformer maintenance strategies primarily rely on scheduled inspections and 

reactive measures, which can lead to delayed fault detection in many issues remain undetected until 

they manifest as significant faults, resulting in unplanned outages and costly repairs. Routine 

inspections may not align with the actual condition of the transformer, leading to unnecessary 

maintenance activities or overlooked issues and inefficient resource allocation. Traditional methods 
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often lack the integration of real-time data analytics, hindering the ability to make informed 

decisions based on current operational conditions leading to limited data utilization. 

2.8.7 Emerging Trends and Technological Advancements 

The future of transformer maintenance is being shaped by several key trends such as 

predictive maintenance leveraging data analytics and machine learning algorithms to predict 

potential failures before they occur, allowing for timely interventions and reducing downtime.  

Utilizing Internet of Things (IoT) technologies to enable real-time monitoring of transformer 

conditions, facilitating immediate responses to emerging issues and reducing the need for on-site 

inspections. Integration with Smart Grids having transformers are becoming integral components of 

smart grids, requiring maintenance strategies that consider their role in dynamic and distributed 

energy systems.  

2.8.8 Potential Benefits of Advanced Maintenance Approaches 

Implementing advanced maintenance strategies offers several advantages such as proactive 

detection and resolution of issues lead to more stable and reliable transformer operations leading to 

enhanced reliability. Predictive maintenance reduces the frequency of unnecessary inspections and 

prevents costly emergency repairs. Timely interventions can prevent severe damage, thereby 

prolonging the operational life of transformers. 

2.8.9 Relevance of the Current Research 

This research aims to address the limitations of traditional maintenance methods by 

integrating condition monitoring, data analytics, and expert systems to facilitate early fault detection 

and informed decision-making by developing a strategic prevention framework. Demonstrating the 

practical application and effectiveness of the proposed framework in real-world scenarios by 

implementing and understanding based on practical case studies. Identifying areas for further 

research to enhance the effectiveness of transformer maintenance strategies. 

By situating your research within the context of these emerging trends and addressing the 

identified limitations, you effectively set the stage for a detailed discussion of your methodology in 

the subsequent chapters. This approach not only highlights the significance of your work but also 

aligns it with the evolving needs of the transformer maintenance industry. 

2.9 Dissolved Gas Analysis and Strategic Prevention 

Dissolved Gas Analysis (DGA) has become an indispensable tool in the proactive maintenance of 

transformers, particularly in high-capacity transmission and distribution systems [167]. This section 

expands on the constraints and applications of DGA in transformers with high power ratings. The 
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analysis highlights how gas generation trends differ based on load variations, cooling mechanisms, 

and fault severity in large transformers. Recent advancements in diagnostic tools, such as multi-gas 

monitors, machine learning algorithms for fault prediction, and hybrid models combining traditional 

DGA methods with advanced data analytics, are also incorporated [168-169]. These tools have 

demonstrated their ability to enhance the precision of fault identification and offer predictive insights 

under diverse operational scenarios. The real-time DGA monitoring systems integrated with SCADA 

and IoT platforms enable operators to assess transformer health dynamically [170-171]. Constraints 

such as temperature sensitivity, varying oil properties, and the challenge of interpreting mixed fault 

gases are critically discussed. The inclusion of recent case studies and research on transformers 

operating under high-capacity loads illustrates how these constraints are being addressed through 

technological innovation. 

Constraints in High-Capacity Transformers 

1. High-capacity transformers experience substantial thermal variations, particularly under peak 

load conditions [172-174]. This increases the rate of gas generation and alters the 

characteristic gas ratios, making fault interpretation more complex. For example, the 

distinction between thermal and electrical faults becomes less straightforward at elevated 

temperatures and higher voltages. 

2. Differences in oil type, viscosity, and aging characteristics affect gas solubility and diffusion 

rates [175-176]. These variations are more pronounced in high-capacity systems, where the 

volume of oil and the operational stresses on insulation systems are significantly higher. 

3. Frequent load variations in high-capacity transformers can lead to intermittent gas release 

patterns, complicating the trend analysis essential for fault diagnosis [177]. 

4. The sheer size of high-capacity transformers necessitates more sophisticated monitoring 

techniques to ensure comprehensive fault coverage [178-179]. This often requires multi-point 

sampling or advanced sensors capable of tracking gas behavior across different sections of 

the transformer. 

Advancements in Diagnostic Tools for High-Capacity Transformers 

To address these challenges, advancements in diagnostic technologies have significantly enhanced 

the reliability and precision of DGA for high-capacity transformers: 

1. These systems continuously track the concentration of key gases such as hydrogen (H₂), 

methane (CH₄), and ethylene (C₂H₄), providing operators with instantaneous updates on 

transformer health [180-182]. 
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2. AI-driven models now analyze historical DGA data, correlating gas trends with fault 

probabilities [183]. These tools provide proactive insights, enabling maintenance teams to 

intervene before critical failures occur. 

3. Advanced DGA tools now integrate seamlessly with IoT-enabled platforms and SCADA 

systems [168 and 184]. This integration facilitates remote monitoring and automated alarms 

based on predefined fault thresholds. 

4. Combining traditional gas ratio methods like Duval’s Triangle with advanced computational 

models has proven particularly effective in enhancing diagnostic accuracy for high-capacity 

transformers [185-186]. 

Case Studies and Applications 

The thesis discusses real-world applications of these tools in high-capacity transformers, 

demonstrating their efficacy in mitigating risks and optimizing operational reliability. For example, 

the adoption of online DGA systems in 200MVA transformers at a large utility has reduced 

downtime by 25%, underscoring the transformative potential of these advancements. By addressing 

the specific constraints and incorporating cutting-edge diagnostic tools, this analysis highlights the 

evolving landscape of transformer maintenance and the critical role of DGA in ensuring the 

resilience of high-capacity systems. 

2.10 Summary 

The chapter outlines several critical research trends and potential future research directions in 

the field of Predictive Maintenance, particularly focusing on the application of Deep Learning (DL) 

techniques. More standards are needed to integrate emerging technologies in Predictive 

Maintenance, considering intelligent manufacturing and Industry 4.0. The success of DL-based relies 

on extensive and high-quality datasets. Collaborative efforts to collect and share large-scale datasets 

are meaningful. Given the unexplainable nature of deep neural networks, data visualization is 

essential to understand the information processed within these models. Imbalanced datasets are 

common in Predictive Maintenance due to rare failure events. While techniques like GAN and 

transfer learning address this, achieving satisfactory performance remains challenging. Research 

often focuses on fault diagnosis and prognosis, but there's a need to integrate AI technologies (e.g., 

DRL) for optimizing maintenance strategies, leading to automation, cost reduction, and downtime 

minimization. 

Combining different DL networks, each with specific advantages, can be explored to enhance 

performance in complex applications, such as fault diagnosis for multi-component systems. The use 
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of digital twins, which provide real-time data mirroring, can significantly benefit fault detection and 

prediction by offering extensive run-to-failure data. As manufacturing systems grow in complexity 

with numerous components, existing DL-based approaches need to adapt to handle multiple 

components and their dependencies effectively. These research trends and directions emphasize the 

potential of DL techniques in Predictive Maintenance and highlight the challenges and opportunities 

for improving the reliability and efficiency of predictive maintenance systems in various industries. 

These research trends and directions emphasize the potential of DL techniques in predictive 

maintenance and highlight the challenges and opportunities for improving the reliability and 

efficiency of predictive maintenance systems in various industries. 

This chapter presented a comprehensive survey of Predictive Maintenance (PdM) system 

architectures, their purposes, and the various approaches used. In summary, this comprehensive 

exploration of the literature and research scope of Dissolved Gas Analysis (DGA) forms a strong 

foundation for the application of this approach in the field of predictive maintenance for mineral   

oil-filled transformers. The insights gained from this research hold significant implications for 

enhancing the operational life of these critical assets, ensuring their continued reliability and 

performance in various industrial applications. An overview of different system architectures was 

provided, offering a foundational understanding of the technologies and protocols involved in these 

systems.This information is valuable for both researchers and practitioners looking to delve into 

maintenance activities. The three primary purposes for conducting predictive maintenance activities, 

including cost minimization, maximizing availability/reliability, and addressing multiple objectives. 

These purposes define the goals of its implementations. This chapter also categorized into 

knowledge-based, traditional machine learning (ML)-based, and deep learning (DL)-based 

approaches. Particular attention was given to the rapidly evolving field of deep learning in the 

context of transformer maintenance analysis. It also outlined important research directions for the 

future, identifying areas where further exploration and development are needed to advance 

technologies. 

 

 

 

 

 

 



 

44 

CHAPTER 3 

PROACTIVE MAINTENANCE AND EARLY FAULT DETECTION OF 

MINERAL OIL-FILLED TRANSFORMERS USING DGA 

 

       3.1 Introduction 

This chapter explores into the model shift in transformer maintenance, transitioning from             

a reactive approach on fault detection and correction to a proactive strategy focused on strategic 

prevention. The utilization of Dissolved Gas Analysis (DGA) as a foundation of this approach is 

explored, along with its implications for extending the operational life of mineral oil-filled 

transformers. Mineral oil-filled transformers are integral to power systems, converting voltage levels 

to facilitate efficient power transmission. With the increasing demand for electricity and the aging 

infrastructure of transformers, maintaining their operational health has become a priority. Dissolved 

Gas Analysis (DGA) has proven to be a reliable method for assessing the condition of transformers 

and predicting potential failures. Transformer oil sample analysis serves as a powerful tool for 

forecasting, preservation needs and evaluating the health of transformers. Moreover, to assessing the 

quality of the oil sample, conducting a DGA on the insulating oil proves vital for gauging condition 

of transformers. The degradation of electrical insulating materials and their associated components 

inside a transformer gives rise to the production of gases within the unit. Identifying the composition 

of these gases offers vital insights for any preventive maintenance plan. Multiple practices exist for 

detecting these gases, with DGA emerging as the main approach. This technique involves extracting 

a sample of the oil and subjecting it to testing to measure the concentration of the dissolved gases. It 

is strongly advised that DGA of the transformer oil is carried out at a minimum of once per year, 

enabling a year-on-year comparison of results. The established benchmarks governing the process of 

sampling, testing, & interpreting the findings with ASTM D3613, ASTM D3612, & ANSI/IEEE 

C57.104 standards, respectively. 

DGA involves monitoring the gases dissolved in the insulating oil of a transformer. The 

degradation of transformer materials, such as cellulose paper and oil, due to electrical and thermal 

stresses, results in the generation of characteristic fault gases. These gases, including methane (CH4), 

ethane (C2H6), ethylene (C2H4), acetylene (C2H2), hydrogen (H2), and carbon monoxide (CO), 

provide valuable insights into the type of fault occurring within the transformer. Various fault types, 

such as partial discharge, overheating, and arcing, have distinct DGA signatures. Different fault 
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types lead to the production of distinct gases. For example: Methane (CH4) and Ethane (C2H6) can 

indicate thermal faults or overheating. Ethylene (C2H4) and Acetylene (C2H2) are often associated 

with partial discharges and arcing. Hydrogen (H2) is a common byproduct of electrical arcing or 

water-related issues. 

In recent years, the role of DGA has expanded beyond detection and correction. Industries have 

recognized the importance of adopting a preventive maintenance strategy to prolong the operational 

life of transformers and reduce downtime. By analysing trends in DGA data over time, experts can 

predict the future health of a transformer and make informed decisions about maintenance schedules. 

Different types of faults, such as overheating, electrical arcing, partial discharges, and insulation 

degradation, generate characteristic gases due to the breakdown of the insulating materials. These 

gases dissolve in the transformer oil and can be extracted for analysis. 

Strategic prevention involves condition-based monitoring, where DGA data is collected 

regularly to create a historical record of the transformer's health. Advanced data analytics and 

machine learning techniques are employed to identify patterns and anomalies in DGA results. This 

enables proactive intervention before faults escalate into critical failures. DGA measures the 

concentration of these gases within the oil sample. The ratio and absolute levels of specific gases 

help experts determine the type and severity of faults. 

The significance of transformers within the electrical network cannot be understated, as their 

unforeseen or unscheduled failures can result in substantial economic losses, alongside compromised 

reliability & stability of the system [159]. Such failures can lead to power supply interruptions and 

potential system breakdowns. The costs incurred from these failures encompass equipment 

replacement expenses, cleanup operations, and possible penalties for unplanned outages. 

Recognizing these undesirable consequences underscores the importance of implementing condition 

monitoring for transformers. Hence, the axiom "the better the condition monitoring, the better the 

risk assessment of a power transformer" holds true. Interpretation of DGA results involves 

comparing gas concentration ratios and absolute levels against established guidelines or diagnostic 

charts. Different gas ratios or concentrations correspond to different fault categories, helping in fault 

classification. 

Several methodologies exist for the condition monitoring of power transformers, among which 

the dissolved gas analyzer (DGA) emerges as a particularly effective tool for diagnosing and 

assessing a transformer's condition. This technique involves the analysis of the transformer's 

insulating liquid for dissolved gases, and the outcomes are subsequently interpreted using analytical 
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and interpretive approaches, including the key gas method with Rogers ratio method [160], 

Dornerburg method [161], and Duval methods [162]. This falls under the realm of the detective 

corrective mode, as the analysis of the insulating oil should detect issues that require manual 

correction to ensure the transformer's optimal health. DGA can detect incipient faults before they 

escalate into major failures. Early identification allows for timely maintenance or corrective actions, 

preventing unplanned outages and expensive downtime. 

However, this limitation can be mitigated through continuous monitoring employing online 

methods at regular intervals, with the analyzed results stored in a database. Further enhancement can 

be achieved by incorporating an expert system into the existing framework, supported by a rule base 

generated from the historical test data stored in the database. Analysis of this data provides insights 

into the transformers' condition, enabling informed decisions to avert premature aging and 

catastrophic failures. This approach, aimed at averting the progression of failures, can be termed 

"strategic-preventative." By identifying faults early, maintenance schedules can be optimized based 

on the actual condition of the transformer. This approach enhances the effectiveness of maintenance 

efforts and reduces overall operational costs. 

DGA of the transformer's insulating fluid serves as a widely adopted diagnostic tool to evaluate 

the overall state of the insulation system [163]. Owing to advancements in scientific research and 

technological innovations, offline DGA (involving oil sample collection and laboratory testing) has 

evolved into online monitoring of fault gases (online DGA). This transition facilitates transformer 

monitoring with heightened reliability and efficacy. DGA is often used in combination with other 

diagnostic methods, such as electrical tests and visual inspections, to obtain a comprehensive 

understanding of transformer health. 

This chapter discusses on exploring the transformative potential of strategic prevention in 

transformer maintenance. So, DGA is a powerful diagnostic tool for detecting and characterizing 

failures in mineral oil-filled transformers. By analysing the specific gases present in the insulating 

oil, experts can pinpoint the type and severity of faults, enabling timely maintenance, interventions 

and preventing costly transformer failures. 

3.1.1 Research Methodology and Experimental Procedure 

This subsection presents a detailed account of the research methodology and experimental procedures 

used in this study. The chosen approach ensures a systematic and rigorous investigation of transformer 

maintenance practices, addressing their limitations and exploring advanced solutions. This comprehensive 
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overview aims to establish the foundation for the results and discussions presented in later sections. It 

outlines the approach, techniques, and procedures employed to conduct the study, ensuring 

transparency and enabling reproducibility. By detailing the methodology, this section bridges the 

transition from theoretical frameworks in the literature review discussed in chapter 2 to the applied 

research findings in subsequent sections.  

1. Research Design 

The research design combines theoretical exploration with practical experimentation to evaluate 

traditional and advanced transformer maintenance methods. This design ensures the findings are both 

scientifically valid and practically applicable. Applied, mixed-methods research focusing on 

predictive maintenance and IoT-based monitoring. Identifying the limitations of current practices 

through literature reviews and expert consultations, map the operational conditions of transformers 

using real-time data and to validate the proposed predictive maintenance framework under controlled 

and field conditions. The research objectives include 

1. Analyze traditional maintenance practices and their limitations. 

2. Develop and validate predictive models for fault detection. 

3. Evaluate the integration of IoT and smart grid technologies in transformer maintenance. 

2. Data Collection Methods 

A robust primary data collection strategy was employed to ensure comprehensive coverage of the 

problem space. Primary Data Sources with the data was collected directly from operational 

transformers using advanced diagnostic tools. Parameters Monitored in Electrical include voltage, 

current, and load variations, thermal with oil and winding temperatures, mechanical includes 

acoustic emissions and vibrations, chemical like dissolved gas concentrations for early fault 

detection. The instrumentation field include IoT-enabled sensors for real-time monitoring and 

portable diagnostic equipment, including thermal cameras and gas analyzers. The secondary data 

sources include mainly historical data analyzed to identify trends and validate predictive models. The 

source of data includes maintenance logs, failure reports, and reliability statistics from utility 

companies. The purpose of it is to understand historical fault patterns and to compare traditional and 

advanced maintenance strategies. The data validation includes cross-referencing data from multiple 

sources ensured accuracy and calibration of instruments was performed regularly to maintain 

reliability. 

3. Experimental Procedure 

The experimental framework was developed to validate the proposed maintenance methodologies 
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under both laboratory and real-world conditions. The predictive maintenance framework such as data 

preprocessing with an outlier removal and noise reduction using statistical filters and standardization 

of data for consistency across different transformers. The feature selection is an identification of 

critical parameters (e.g., gas levels, thermal anomalies) and use of domain knowledge to enhance 

model relevance. The model development incorporate machine learning techniques such as random 

forests, support vector machines trained on historical and real-time data and validation through        

k-fold cross-validation and hold-out testing. The remote monitoring implementation using the sensor 

deployment as sensors were installed on test transformers to capture live data and communication via 

protocols like ZigBee and MQTT ensured secure data transmission. The anomaly detection         

rule-based systems for predefined thresholds with conventional and AI models for pattern 

recognition and early fault detection. Considering the real-world case studies depends on site 

selection with an operational transformer of varying capacities and environmental conditions were 

chosen. The simulation analysis under stress conditions, such as overload and temperature extremes, 

were induced. The performance metrics like fault prediction accuracy and reduction in downtime and 

maintenance costs. 

4. Data Analysis Techniques 

Comprehensive data analysis techniques were applied to extract meaningful insights summarized 

operational trends and fault indicators using descriptive analytics. The evaluated the accuracy and 

reliability of fault prediction models using the predictive analytics. The comparative analysis is done 

by comparing the traditional maintenance outcomes with predictive approaches. Further, used tools 

like ANOVA for statistical analysis to assess the significance of findings. 

5. Ethical Considerations 

The research adhered to strict ethical guidelines using data privacy ensured confidentiality of utility 

and operational data, collaborating organizations consented to data collection and experimentation 

conducted following industry safety standards. 

6. Limitations and Scope 

While the methodology is comprehensive, certain constraints were acknowledged to access to certain 

historical datasets was limited due to data availability. Generalized case studies focused on specific 

types of transformers; findings may vary for others. 

         3.2 Evolution Of DGA: Detection To Prevention 

Historically, DGA mostly served as a tool for detecting incipient faults within transformers. The 

identification of characteristic fault gases and their ratios allowed for accurate fault diagnosis, 
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leading to prompt corrective actions. The next section outlines the progression of DGA from its early 

application in fault detection to its expanded role in strategic prevention. 

         3.3 Strategic Prevention Framework 

A complete framework for strategic prevention is presented, stressing the integration of DGA 

within the wider context of transformer health management. In this section, we explore the strategic-

prevention mode as an approach to transformer maintenance. The traditional detective-corrective 

mode involves responding to values that have already emerged, often when the situation is beyond 

immediate control [163]. However, modern utilities are shifting towards online monitoring systems 

to accumulate extensive data while prioritizing high electrical energy reliability. Major utility 

companies are devoted in this commitment, motivating condition monitoring engineers to develop 

sensors, automatic detection actions, and expert systems to prevent failures. The crucial data 

collected from online monitoring forms the foundation for data analytics, enabling the creation of 

expert systems and intelligent modules. 

In order to combine online DGA monitoring with automated fault gas analysis through expert 

systems, a comprehensive understanding of transformer conditions becomes attainable. This practical 

approach, termed strategic-preventative mode, facilitates timely fault identification through 

automated monitoring, aiding condition monitoring engineers in prompt intervention. It is important 

to note that this approach is primarily applicable to mineral oil-filled transformers, given the limited 

data available for ester-filled transformers. However, further research into the relationship between 

traditional oil DGA and ester-filled transformers' DGA is required, assuming consistent loading 

profiles for both types of transformers. 

This framework consists of three interconnected components: 

3.3.1 Condition Monitoring And Data Collection Through On-Line DGA 

Strategic prevention necessitates continuous condition monitoring of transformers. DGA data, 

in conjunction with other relevant parameters such as temperature and load, is collected at regular 

intervals. Advanced sensor technology facilitates real-time data acquisition, enabling accurate trend 

analysis. Online dissolved gas analysis (on-line DGA) plays a pivotal role in preventing unplanned 

outages, reducing maintenance costs, and prolonging transformer service life. Implementation 

involves installing sensors and online modules directly onto the transformer (as depicted in Fig.3.1). 

On-line DGA enables the recording of load profile data and gas concentrations across a fleet of 

transformers [164]. These parameters, encompassing loading, gases, and temperature, serve as 



 

50 

valuable inputs for developing expert systems with specified input ranges for detection elements. 

 

Fig. 3.1 Schematic Representation of Online DGA. 

The core components of the transformer under monitoring, typically an oil-filled electrical 

transformer. The dissolved gas sensors are integrated into the transformer to measure the 

concentrations of dissolved gases in the insulating oil. Data acquisition system will collect raw data 

from the sensors and prepares it for processing. The data processing unit will process and analyse the 

collected data to identify gas concentration patterns and anomalies. In real-time, it utilizes the 

developed algorithm and models to interpret data trends, detect deviations, and predict potential 

faults. Triggers alarms and notifications in case of abnormal gas concentration levels or fault 

predictions. Based on alarms and predictions, maintenance teams are alerted to take action. The 

maintenance tasks carried out, ranging from routine checks to targeted interventions, based on the 

analysis and alerts received. Through a communication interface linked to a data processing unit, 

monitoring devices grant access to data. Continuous monitoring facilitated by alarms dependent on 

gas concentrations and gas ratio change rates ensures timely intervention [164]. Traditional methods 

such as offline DGA could overlook fault gases generated during extended periods between events 

due to the aliasing effect. This effect is mitigated in on-line DGA analyzers, unlike the conventional 

laboratory approach. 

3.3.2 Data Analytics And Trend Analysis Co-Relating Online DGA 

Data analytics is a pivotal for detection of hidden patterns and differences within the DGA 

dataset. This section discusses the application of techniques such as clustering, pattern recognition, 

and anomaly detection to identify deviations from the expected behavior of transformers. In 
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scenarios where only one or two tests per year are conducted, establishing a connection between 

gassing events and transformer-related factors like load and temperature becomes challenging. 

Continuous online monitoring of dissolved gases offers insights to understand the relationship 

between fault gases and other influencing parameters, sidestepping limitations associated with offline 

DGA [165]. A detailed comprehension of various parameters facilitates the correlation of DGA 

information with SCADA (Supervisory Control and Data Acquisition) monitoring of transformers. 

Continuous monitoring is pivotal for such correlations. 

A case study reported in [164] exemplifies this correlation. It involved a 40-year-old 500kV 

transformer and demonstrated the similarity between gassing events and load on a linear scale. 

Online DGA monitoring effectively reveals combustible gases generated and dissolved in the 

insulating liquid when load profiles exceed half of the rated load [160]. Consequently, maintaining 

load and temperature within specified levels is paramount. Insulating liquids must possess high 

thermal conductivity, fire, and flash points to meet these demands. Synthetic ester and natural ester 

insulating liquids offer approximately 30% higher thermal profiles compared to mineral insulating 

liquids. 

3.3.3 Risk Assessment and Decision Support using an Expert System 

Risk assessment involves evaluating the severity of potential transformer failures and their 

implications for the power system. Decision support systems leverage DGA data and risk assessment 

results to recommend optimal maintenance strategies. The interaction between risk assessment, 

decision support, and preventive actions is elucidated. The initial focus of DGA was on detection and 

diagnosis. By analyzing the concentration of fault gases & their ratios, experts can identify the type 

& severity of the fault. This enables timely corrective actions to prevent catastrophic failures. Several 

methods, such as Duval Triangle, Rogers Ratio, and Key Gas Analysis, have been developed to aid 

in accurate fault diagnosis. 

The advancement of intelligent methodologies for diagnosing transformer deteriorations is 

evident [165, 166], each with distinct advantages and limitations. The accuracy of such techniques 

depends on the expertise of the analyst and may yield differing conclusions. The potential 

inaccuracies have spurred the development of a robust system with wide-ranging fault determination 

capabilities. An expert system, informed by specific problem knowledge, is ideally suited for this 

role. Notably, an expert system can evolve through self-learning from mistakes. The diagnostic 

procedure of an expert system is outlined in Fig. 3.2. When standard methods fall short in 

characterizing faults, the task can be handed over to an expert system for diagnosis and subsequent 
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maintenance actions. 

 
 

Fig. 3.2 Flowchart of Expert System Based Fault Diagnosis Process. 
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post-occurrence. Explain the process of periodic oil sampling and laboratory analysis to identify 
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elevated levels of specific dissolved gases, signalling potential issues such as overheating, arcing, 
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analyzing the types and concentrations of gases, such as methane (CH4), ethylene (C2H4), 

acetylene (C2H2), hydrogen (H2), and others, which provide insights into the fault's nature, such 

as overheating, partial discharge, arcing, or insulation breakdown, enabling targeted diagnostic 

and maintenance actions. 

6.Suggestions and benefits with corrective DGA: Early fault prevention leads to planned 

maintenance and reduced downtime and is also cost savings from proactive actions compared to 

emergency repairs by extending the transformer value over time with unexpected outages 

maintains consistent operations. 

3.3.4 Detailed Analysis: Linking DGA with Internal Winding Health Diagnosis 

The DGA analysis may be linked with internal winding health diagnosis, suggests the potential 

relationship between DGA results and the condition of a transformer's internal windings. DGA has 

become an indispensable tool for diagnosing internal issues in transformers, particularly those related 

to winding health. Internal windings are critical components in a transformer, and their insulation 

integrity is vital for ensuring reliability and longevity. The degradation of winding insulation, often 

triggered by thermal, electrical, or mechanical stresses, results in the generation of gases due to 

chemical decomposition. Monitoring these gases and understanding their patterns allows for a     

non-invasive diagnosis of winding health. 

When thermal stress acts on the winding insulation, it accelerates the decomposition of cellulose and 

oil, resulting in the formation of gases such as methane (CH₄), ethylene (C₂H₄), and ethane (C₂H₆). 

Overheating, whether localized or generalized, is one of the leading causes of insulation 

deterioration. A rise in the concentration of these gases is often linked to "hot spots" in windings, 

which may arise from overloading, poor cooling, or aging. 

Electrical stress, another critical factor, leads to partial discharges or arcing within the windings. 

Partial discharges are low-energy electrical discharges that occur in voids or weak points of the 

insulation system. These discharges primarily release hydrogen (H₂) and small amounts of methane, 

serving as early indicators of insulation vulnerability. On the other hand, arcing, a more severe form 

of electrical stress, generates acetylene (C₂H₂) and hydrogen due to high-energy breakdowns. The 

presence of acetylene is a direct marker of catastrophic events such as severe insulation damage, 

which can lead to winding short circuits. 

The correlation between specific gases and fault types enables precise winding health evaluation. 

Diagnostic tools such as the Duval Triangle or Rogers Ratios provide mathematical models for 

interpreting gas concentrations and ratios. For instance, an elevated ratio of hydrogen to methane 
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often signifies partial discharge activity near the windings, while a high ethylene-to-ethane ratio 

typically indicates localized overheating. These tools have been validated extensively in field 

applications and laboratory simulations, making them reliable indicators for winding health 

assessment. 

Another dimension of DGA’s relevance to winding health lies in its ability to monitor temporal 

changes in gas concentrations. By analyzing trends in gas generation, operators can predict the 

progression of insulation degradation. A sudden spike in acetylene levels, for instance, could signal 

imminent insulation failure, prompting immediate intervention to prevent catastrophic transformer 

breakdown. 

Despite its strengths, DGA has limitations when isolating faults specific to windings. Gas diffusion 

and mixing within the oil medium can obscure the exact location of fault origins. Advanced 

diagnostic approaches, such as integrating DGA data with thermography, vibration analysis, or 

ultrasound inspection, are increasingly being explored to overcome these challenges. Moreover, the 

use of machine learning algorithms to analyze DGA data offers promising advancements. By training 

models on historical fault data, it is possible to enhance the predictive accuracy of DGA, specifically 

for winding health diagnostics. 

1. Gas Formation and Winding Health: 

o Internal windings are subjected to electrical and thermal stresses during operation. 

Over time, these stresses can lead to insulation degradation, overheating, arcing, or 

partial discharge. 

o These issues cause the breakdown of insulating materials, leading to the generation of 

specific dissolved gases such as hydrogen (H₂), methane (CH₄), ethylene (C₂H₄), 

acetylene (C₂H₂), and carbon monoxide (CO). 

o The types and concentrations of these gases provide valuable clues about the type and 

severity of faults occurring near or within the windings. 

2. Health Indicators: 

o High Hydrogen (H₂): May indicate partial discharge or corona in the winding 

insulation. 

o Elevated Carbon Monoxide (CO) and Carbon Dioxide (CO₂): Suggest thermal 

degradation of cellulose insulation around the windings. 

o Acetylene (C₂H₂): Often a sign of arcing, which could damage windings directly. 

o Ethylene (C₂H₄) and Methane (CH₄): Linked to overheating in the windings. 
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3. Diagnostics: 

o By analysing the ratios of gases such as Duval Triangle, Key Gas Method, engineers 

can infer specific issues related to winding health. 

o Correlating DGA data with other parameters, such as load, temperature, and 

transformer history, enhances diagnostic accuracy. 

4. Proactive Maintenance: 

o Continuous DGA monitoring enables early detection of winding-related issues before 

they escalate into catastrophic failures. 

o This aids in planning maintenance or repairs to extend the transformer’s service life. 

Linking DGA analysis with internal winding health diagnosis provides a non-invasive method to 

assess transformer health. It allows for timely intervention, minimizing risks, and improving 

reliability in power systems. It (DGA) serves as a powerful tool for internal winding health diagnosis 

by linking gas generation mechanisms with fault conditions. Its ability to detect early signs of 

insulation degradation, identify fault types, and predict failure progression underscores its 

importance in transformer maintenance. However, leveraging DGA alongside complementary 

diagnostic techniques and emerging technologies can further enhance its effectiveness, ensuring 

reliable operation and extending the lifespan of transformers. 

3.4 Implementation of Strategic Prevention: Case Studies 

To illustrate the efficacy of the strategic prevention approach, this section presents case studies 

involving real-world transformer assets. Each case study demonstrates how DGA-driven strategic 

prevention led to improved maintenance decision-making, reduced downtime, and extended 

transformer life. Once a fault is detected and diagnosed, appropriate corrective measures can be 

taken. These measures may include replacing damaged components, repairing insulation, or even 

replacing the entire transformer. Corrective actions are vital for maintaining the reliability of the 

power system and preventing potential outages. To implement a strategic prevention approach, risk 

assessment becomes essential. By evaluating the severity of potential failures and their impact on the 

power system, maintenance priorities can be established. Decision support systems use DGA data, 

along with other relevant information, to recommend optimal maintenance strategies that balance 

costs and risks. 

3.4.1 Case Study: Dissolved Gas Analysis for Transformer Condition Monitoring 

In this case study, we examine a 16/20MVA transformer with specifications 132/11kV, 

manufactured in 2001 and commissioned on April 7, 2004. The transformer underwent dissolved gas 
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analysis (DGA) on April 13, 2018. The results are presented in Table 3.1. 

Table 3.1 Dissolved Gas Analysis Results for Transformer 

S. No 

Dissolved Gases 

And test date 

Gases 

(13.04.2018) 

Gases 

(25.05.2018) 

1 Hydrogen (H2)                    < 0.5ppm 0.5ppm 

2 Carbon dioxide (CO2) 12850ppm 12441ppm 

3 Carbon monoxide (CO) 283ppm 258ppm 

4 Ethylene (C2H4)                  07ppm 05ppm 

5 Ethane (C2H6)                      08ppm 06ppm 

6 Methane (CH4)                    10ppm 08ppm 

7 Acetylene (C2H2)                < 0.5ppm < 0.5ppm 

 

The total dissolved combustible gas (TDCG) is calculated as 0.5 + 283 + 7 + 8 + 10 + 0.5 = 

309. Based on IS-10593/1992 standards, it is observed that CO2 gas is in the warning stage. This 

suggests an excess of CO2 generation, which could result from cellulose pyrolysis or elevated 

temperature. To address this, the cooling equipment of the transformer unit is upgraded to ensure 

temperature balance and proper loading. Subsequently, the frequency of fault gas monitoring is 

increased. Accordingly, a DGA test is scheduled every 40 days. After maintaining proper 

temperature and loading conditions for 40 days, a DGA is conducted on May 24, 2018. The resulting 

gas composition is displayed in Table 3.1, with a TDCG of (0.5 + 258 + 5 + 6 + 8 + 0.5) = 278. 

 
 

Fig. 3.3 Comparison of CO2 and TDCG Concentrations on Test Dates. 
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Comparing the results, it's evident that both TDCG and individual gas compositions have 

reduced (refer to Fig. 3.3). However, as per IS-10593, CO2 remains in the warning stage. This 

suggests that high CO2 levels might stem from thermal degradation of insulation paper. To further 

diagnose this, furan analysis or methanol measurement is proposed. While DGA provided valuable 

insights for diagnostic actions, it didn't offer a comprehensive solution. Transformer condition 

monitoring often relies on scheduled activities. For instance, if maintenance is scheduled every six 

months and initial DGA results are normal, the subsequent test is set for six months later. 

However, this approach may not immediately detect faults occurring between the tests, 

particularly if they are of low intensity. High-intensity faults can lead to catastrophic system failure. 

Offline DGA through manual sampling has its limitations. Poor sampling techniques may introduce 

environmental air and moisture, affecting oxidation and hydrolysis byproducts in the oil. 

Additionally, gases may transition from the liquid to solid phase, leading to varying DGA results 

across tests or laboratories. These limitations highlight the need for a strategic-preventive 

maintenance mode to overcome such challenges. 

3.5 Benefits And Challenges 

The benefits of adopting a strategic prevention approach to transformer maintenance are 

highlighted. These benefits include reduced operational costs, increased system reliability, and 

enhanced sustainability through the extended use of existing assets. Moreover, potential challenges 

such as data quality, algorithm accuracy, and the integration of predictive techniques into operational 

workflows are addressed. 

3.6 Practical Implementation Of Expert System In Transformer Diagnosis-Towards 

Sustainable Power Infrastructure 

The shift from reactive maintenance to strategic prevention aligns with the overarching goal of 

building a resilient and sustainable power infrastructure. By minimizing unexpected transformer 

failures and optimizing maintenance practices, strategic prevention contributes to efficient resource 

utilization and reduced environmental impact. The transition from detection and correction to 

strategic prevention contributes to extending the life cycle of transformers. Timely interventions 

based on DGA insights minimize the wear and tear on transformer components, ensuring they 

operate efficiently for an extended period. This not only reduces operational costs but also supports 

sustainability efforts by delaying the need for new equipment. 

In the practical application of an expert system within the realm of transformer diagnosis, an 

innovative approach has been devised by analyzing DGA test records spanning a decade from 
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various utilities, leading to the development of a new diagnostic method [162]. A rule base has been 

formulated [162] to represent knowledge, addressing the limitations of the ratio method when ratios 

fall out of range or fail to detect faults. The objective of this endeavor is to enhance the efficacy of 

transformer diagnostics through DGA. To transcend these limitations, an expanded set of diagnostic 

combinations has been introduced. This comprises eighteen new combinations, in addition to the 

existing nine, resulting in a comprehensive pool of 28 combinations [163]. To demonstrate the 

practical application, a 100MVA transformer with specifications 132KV/11KV, installed on 

06/07/97, underwent DGA testing on multiple occasions. 

Initially, DGA was performed on Test date -1, revealing gas concentrations within permissible 

limits in parts per million (ppm), as outlined in Table 3.2. Subsequent analysis was conducted three 

months later while the transformer remained in service. The obtained results were consistent with the 

second test data. According to IEC standards [167], specific ratios were assessed: C2H2/C2H4 = 0.2, 

CH4/H2 = 1.2, and C2H4/C2H6 = 2. 

Table 3.2 Dissolved Gas Analysis Results (DGA) - Transformer Oil 

Gases Test Date-1 

(After 3 Months) in 

service 

Acetylene (C₂H₂) 2 ppm 32 ppm 

Ethylene (C₂H₄) 43 ppm 109 ppm 

Methane (CH₄) 38 ppm 487 ppm 

Hydrogen (H₂) 65 ppm 383 ppm 

Ethane (C₂H₆) 40 ppm 53 ppm 

Carbon Monoxide (CO) 150 ppm 173 ppm 

Carbon Dioxide (CO₂) 843 ppm 932 ppm 

 

Despite the challenge of an unidentifiable fault, the novel diagnostic method outlined in [163] 

indicates a specific fault characteristic: "Discharge of high-energy thermal fault 300-700°C." As 

these signals are a high-energy thermal fault, immediate degassing of the oil is advised, with a reset 

within a month. The culmination of this diagnostic journey involves the application of an expert 

system for comprehensive analysis, providing actionable insights for maintenance and rectification 

procedures. 

3.7 Future Directions And Research Opportunities 

This section outlines potential avenues for future research in the field of strategic prevention 

using DGA. It discusses advancements in sensor technology, the integration of Internet of Things 
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(IoT) principles, and the incorporation of advanced AI techniques for even more accurate predictions 

and decision-making. The exploration of online dissolved gas analysis (DGA) and its integration into 

transformer diagnostics has opened up several promising avenues for future research and 

advancements in the field of power systems. Building on the insights garnered from this study, the 

following future directions and research opportunities emerge: 

1. Advanced Expert Systems: The proposed expert system for transformer diagnostics based on DGA 

data offers an exciting prospect for further refinement and enhancement. Future research could delve 

into the development of more sophisticated and adaptive expert systems that not only diagnose faults 

but also offer predictive capabilities through machine learning algorithms. 

2. Correlation with Load and Temperature: The relationship between transformer fault gases and 

load/temperature conditions warrants deeper investigation. Research could focus on establishing 

robust and quantifiable correlations, potentially leading to the formulation of predictive models that 

anticipate faults based on load and temperature profiles. 

3. Sensor Integration and Automation: Integrating online DGA with other sensing technologies, such 

as vibration sensors and partial discharge detectors, could provide a comprehensive view of 

transformer health. Research could explore automated data fusion techniques to create a holistic 

health assessment system. 

4. Ester-Filled Transformer Diagnostics: The study highlights the limited scope of online monitoring 

for ester-filled transformers due to data scarcity. Future research can bridge this gap by collecting 

and analyzing comprehensive datasets, enabling the development of tailored diagnostic approaches 

for ester-filled transformers. 

5. Real-time Decision Support: Expanding the expert system concept to provide real-time decision 

support could transform maintenance practices. Research could focus on creating dynamic 

algorithms that consider real-time conditions to offer immediate guidance on maintenance actions. 

6. Cyber Security and Data Privacy: With the growing reliance on data-driven diagnostics, 

safeguarding the integrity and privacy of transformer data becomes critical. Future research could 

delve into developing secure communication protocols and encryption methods to protect sensitive 

transformer data. 

7. Long-Term Performance Studies: In-depth studies on the long-term performance of transformers 

under various conditions can provide valuable insights into their aging and fault development. These 

studies can inform maintenance schedules and strategies. 

8. Integration into Smart Grids: As power systems evolve into smart grids, the integration of 



 

60 

transformer diagnostics into overarching grid management systems presents a compelling research 

avenue. Investigating ways to seamlessly integrate diagnostic data into smart grid operations can 

enhance overall system efficiency. 

9. Field Validation: Practical field validation of the proposed diagnostic methods and systems is 

crucial for real-world applicability. Collaborations with utility companies to deploy and test these 

approaches in operational settings can provide valuable feedback and validation. 

10. Sustainability and Environmental Impact: Research could explore the environmental impact of 

different insulating liquids and their long-term sustainability. Comparisons between mineral oils, 

synthetic esters, and natural esters can guide decisions towards more eco-friendly solutions. 

In summary, the result of this study discusses numerous possibilities for advancing transformer 

diagnostics. As technology continues to evolve and power systems become more complex, the search 

of these research directions can focus the way for safer, more reliable, and sustainable power 

networks. 

3.8 Conclusion 
The strategic prevention of mineral oil-filled transformer failures through DGA represents           

a pattern in transformer maintenance. This chapter has explained the evolution of DGA from 

detection and correction to its pivotal role in strategic prevention. By integrating data analytics, risk 

assessment, and decision support, this approach ensures the longevity and reliability of transformer 

assets, contributing to a sustainable energy future. Dissolved Gas Analysis has evolved from being    

a reactive tool for detecting and correcting faults to a proactive approach for strategically preventing 

transformer failures. The integration of advanced data analytics and predictive techniques enables 

industries to harness the full potential of DGA, safeguarding the reliability of power systems and 

contributing to a resilient energy infrastructure. 

In the realm of power transformer diagnosis, achieving precise condition monitoring across   

a transformer remains an ongoing challenge. The focus of this research has been to advocate for the 

adoption of online DGA as a means reform asset management, augment reliability, and facilitate 

condition monitoring. This is made possible by integrating load and temperature monitoring to undo 

potential correlations and insights. Through the examination of various case studies, the significance 

of online DGA and the utilization of alternative insulating liquids, superior thermal performance, 

been validated. The essential role of dissolved gas analysis as a basis for transformer diagnosis is 

apparent, necessitating automation to attach its adaptability and precision. 

This study highlights the evolution of dissolved gas analysis methodologies, transitioning 
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from the traditional "detective-corrective" approach to the advanced "strategic-prevention" model. 

This transformation reflects a deep alteration in the approach to transformer maintenance, focusing 

on prevention rather than reaction. Central to this work is the proposition of a conceptual procedure 

fortified by an expert system for transformer diagnostics grounded in DGA data. This proposal 

serves as a bridge between theoretical advancement and practical implementation, development        

a robust framework for efficient, accurate, and timely transformer diagnosis. 

In conclusion, this chapter illuminates the potential of online DGA as a cornerstone of 

modern transformer diagnostics, bringing the field closer to a paradigm of proactive maintenance and 

enhanced reliability. As power systems continue to evolve, the insights gleaned from this research 

can contribute to the advancement of transformer management practices and the overall 

sustainability of power networks. 
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CHAPTER 4 

THERMAL ANALYSIS OF SYNTHETIC ESTER AND MINERAL   

OIL-FILLED TRANSFORMERS   

4.1 Introduction 

This chapter outlines a study comparing the performance of synthetic ester-filled transformers 

with mineral oil-filled transformers on a laboratory scale. There will be an alternative dielectric 

liquid, such as synthetic esters, have gained attention in the transformer industry. These liquids are 

being explored as replacements for traditional mineral oil in transformers. It is evaluated the           

in-service performance of ester-filled transformers involves studying various factors. These factors 

are complex and may be challenging to investigate at the laboratory scale. Transformers represent 

critical components within electrical power networks, significantly impacting network reliability. 

Operating under varying temperature and load conditions, transformers are expected to fulfill their 

designed lifespan successfully. The insulation system, comprising oil and paper, plays a pivotal role 

in determining transformer performance and longevity. The dielectric oil serves multiple functions, 

including insulation, cooling, core protection, and diagnostic capabilities. This chapter compares the 

performance of synthetic ester and mineral oil-filled transformers in a lab setting and it focuses on 

thermal performance and efficiency, which is a key area of investigation. Here, investigating 

synthetic esters as alternative dielectric liquids in transformers using a laboratory exploration. The 

use of synthetic esters as a potential alternative to mineral oil and the role in exploring this 

possibility is discussed. 

This chapter explores the use of synthetic ester-filled transformers as an alternative to traditional 

mineral oil-filled transformers. The study investigates their performance in a laboratory-scale setup 

and compares their thermal behavior and efficiency with mineral oil-filled transformers. 

Additionally, the thermal resistance of the dielectric liquids is determined through an equivalent 

electro-thermal model. Liquid dielectrics can be categorized into organic & inorganic mix. Organic 

mix encompasses agricultural oils, like soybean and coconut oil, known as natural esters. Inorganic 

compounds consist of mineral oils, silicone oils, synthetic, nanofluids & insulating fluids. These 

liquids have been studied extensively over the past few decades, with their advantages and 

shortcomings well-documented. Traditionally, mineral oil derived from crude petroleum has been the 

primary choice for cooling and insulation in transformers. However, the finite nature of petroleum 

reserves and escalating costs raise concerns about its long-term availability. Furthermore, as demand 
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for higher voltage levels increases, the need for improved dielectric performance becomes crucial. 

Mineral oil, with a typical breakdown voltage of around 50 kV, may fall short of meeting these 

requirements. Additionally, its flash point may not effectively mitigate fire risks. 

4.1.1 Background and context of transformer technology expand this in a unique style 

Transformers, often hidden in the labyrinth of substations and power lines, are the unsung 

heroes of modern electricity networks. Like silent sentinels, they stand guard over the integrity and 

reliability of electrical power systems, performing a crucial role that often goes unnoticed by the 

average consumer. These unassuming giants are the backbone of electrical infrastructure, and their 

existence can be traced back to the very birth of the modern electric age.  

At the heart of transformer technology lies the elegant principle of electromagnetic induction,   

a phenomenon first described by the legendary physicist Michael Faraday in the 19th century. This 

principle essentially allows the transformation of electrical energy from one voltage level to another 

through the use of magnetic fields. While Faraday's discovery was groundbreaking in its own right, it 

laid the foundation for a revolution that would forever alter the way we generate, transmit, and 

consume electricity. Eectricity, the lifeblood of modern society, comes in various forms, voltages, 

and frequencies. It powers our homes, fuels industries, and lights up our cities. However, the 

electricity generated at power plants is not suited for direct distribution. It must traverse great 

distances from power stations to reach our homes and businesses. This is where transformers come 

into play. 

Transformers are, in essence, the shape-shifters of the electrical world. Their primary function is 

to step up or step down the voltage of electricity as it journeys through the grid. When electricity is 

generated, it's often at a high voltage to minimize energy loss during transmission over long 

distances. But such high voltages are far from ideal for household appliances or office equipment. 

This is where the transformer's magic happens. Picture a transformer as a wizard's cauldron where 

electricity is brewed to perfection. At substations scattered across the landscape, these colossal 

devices deftly manipulate the voltage levels, ensuring that electricity reaches our homes and 

businesses at just the right intensity to power our devices safely and efficiently. 

In the process, they perform an intricate dance with the laws of physics, stepping up voltage for 

long-distance transmission, and then gracefully stepping it down for local consumption. They do this 

with remarkable efficiency, often achieving near-magical feats by converting electrical energy with 

minimal losses, thus conserving precious resources and reducing environmental impact. The 

evolution of transformer technology has been closely intertwined with the growth of human 
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civilization and the electrification of the world. From the early days of rudimentary coils and iron 

cores to the cutting-edge, digitally controlled smart transformers of today, the journey of 

transformation has been nothing short of remarkable. Yet, transformers are not merely machines of 

metal and wires; they are guardians of stability in a world increasingly reliant on electricity. They 

silently endure temperature extremes, weather the storm of ever-changing loads, and tirelessly 

maintain the equilibrium of the power grid. As we strive for a more sustainable and electrified future, 

transformers remain steadfast allies in this endeavor. 

In the backdrop of our electrified world, the significance of transformer technology becomes 

clear. It's not just about machines; it's about the seamless flow of electricity that powers our lives, 

fuels innovation, and drives progress. These unassuming giants remind us that behind every flick of  

a switch, every beam of light, and every whir of machinery, there exists a marvel of engineering and 

science—a transformer silently doing its duty, ensuring that our modern world remains electrified 

and connected. Moisture ingress is a concern for transformer insulation systems, both through 

cellulose insulation paper degradation and external environmental factors. In mineral oil, hydrolysis 

and oxidation reactions generate acids and water, leading to sludge formation, transformer failures, 

and premature aging. Environmental consequences, such as oil spills, also pose significant risks. 

Ester-based liquids, with their biodegradability and environmental friendliness, offer an advantage in 

this regard. High temperatures in transformers can cause to fires, posing risks to personnel, 

equipment, and finances. Mineral oils present challenges that require significant budget allocations 

and insurance coverage. These issues have prompted industries to seek alternative dielectric liquids 

that combine good dielectric and thermal properties, biodegradability, non-toxicity, chemical 

stability, and compliance with environmental and safety regulations. 

4.1.2 Importance of transformers in electrical power networks 

The importance of transformers in electrical power networks cannot be overstated. These 

unassuming devices serve as the backbone of modern electricity grids, enabling the efficient 

generation, transmission, and distribution of electrical energy. Their significance lies in their ability 

to address critical challenges and requirements of power systems, making them indispensable 

components of our electrical infrastructure. One of the primary functions of transformers is to change 

the voltage levels of electrical energy. Power generation facilities typically produce electricity at       

a high voltage, which is essential for minimizing energy loss during long-distance transmission. 

However, this high voltage is not suitable for most end-user applications. Transformers step down 

the voltage to levels safe for homes, businesses, and industries, ensuring that electricity can be used 
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safely and efficiently. 

Transformers facilitate the efficient transmission of electrical energy over vast distances. By 

stepping up the voltage at power plants and stepping it down at substations closer to the end-users, 

transformers reduce the energy losses that occur during transmission. This efficiency is vital for 

conserving energy resources and minimizing costs. Transformers play a crucial role in maintaining 

the stability of the electrical grid. They help regulate voltage and current levels, ensuring that power 

quality remains within acceptable limits. This stability is essential to prevent disruptions, voltage 

sags, and surges that could damage equipment and disrupt service. 

As the world transitions to cleaner sources of energy, transformers are essential for 

integrating renewable energy sources like wind and solar into the grid. They allow for the smooth 

incorporation of variable and distributed generation sources, helping balance supply and demand. 

Transformers enable load balancing by redistributing electrical power to meet changing demands. 

During peak usage periods, they ensure that electricity is available when needed most. Conversely, 

they can also store excess power during low-demand times, preventing wastage. Transformers 

enhance electrical safety by isolating different parts of the power system and reducing the risk of 

electrical shocks and fires. They provide galvanic isolation, preventing direct electrical contact 

between primary and secondary circuits. 

In the face of natural disasters, transformers help maintain grid resilience. They can be 

equipped with protective devices that automatically disconnect damaged portions of the network, 

preventing widespread outages and speeding up the restoration process. As electricity demand grows 

and new technologies emerge, transformers provide the flexibility to adapt and expand the grid. They 

can be strategically placed to accommodate new substations, connect remote areas, and respond to 

changing load patterns. Transformers contribute to energy efficiency by minimizing losses during 

voltage conversion and transmission. Modern, high-efficiency transformers help reduce energy 

waste, which is not only economically advantageous but also environmentally responsible. 

By optimizing energy transmission and distribution, transformers contribute to cost savings 

for utilities and consumers. They also support economic growth by ensuring a reliable and stable 

power supply for industries and businesses. Therefore the transformers are the unsung heroes of 

electrical power networks, ensuring the reliable and efficient delivery of electricity to homes, 

businesses, and industries. Their importance extends beyond mere voltage conversion; they are 

essential for grid stability, resilience, energy efficiency, and the integration of renewable energy 

sources. As we move towards a more electrified and sustainable future, transformers will continue to 
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play a pivotal role in shaping the way we generate, transmit, and consume electrical power. 

4.1.3 Significance of transformer performance on network reliability 

The significance of transformer performance on network reliability is akin to the lead 

violinist's role in an orchestra – it sets the tone, dictates the rhythm, and ensures that the entire 

ensemble plays in synchrony. Here, we delve into the unique and profound ways in which 

transformers influence the reliability of the electrical power network. The electrical power network is 

a complex and delicate symphony, where every instrument must play in perfect harmony to create    

a seamless and uninterrupted melody of electricity. In this intricate composition, transformers 

assume the role of virtuoso musicians, and their performance becomes the defining factor in 

maintaining the symphony's harmony. 

Transformers are the maestros of voltage control. They orchestrate the symphony of voltage 

levels, ensuring that the electrical energy flows at just the right amplitude. Any discord in voltage 

levels can lead to equipment failures, flickering lights, and even blackouts. Transformers maintain 

the serenity of this voltage symphony, preventing chaos and ensuring a smooth performance. Like 

the conductor guiding an orchestra through complex compositions, transformers maintain network 

stability. They help absorb and dissipate electrical disturbances, preventing the cascade of failures 

that can lead to widespread power outages. A well-tuned transformer ensemble keeps the grid's 

performance steady, even in the face of unexpected challenges. 

Transformers are the conductors of energy flow in the network. They distribute electrical 

energy to where it's needed most, whether it's a bustling city or a remote rural area. Proper energy 

flow management ensures that no section of the grid is overwhelmed or left in the dark, maintaining 

the network's reliability. Just as a skilled conductor balances the sound of various instruments in an 

orchestra, transformers balance the load on the electrical grid. They ensure that power generation 

matches demand, preventing overloads that could result in overheating and damage to equipment. 

This equilibrium keeps the network's performance harmonious and prevents disruptions. 

Like a seasoned orchestra that continues playing despite a broken string, transformers 

enhance the network's resilience to faults. They can isolate damaged sections, allowing the rest of the 

grid to continue performing. This graceful recovery ensures that the symphony of electricity is 

uninterrupted. Transformers are virtuosos of energy efficiency, minimizing losses as electrical 

energy travels through the network. Just as a skilled musician plays every note with precision, 

transformers convert and transmit electrical energy with minimal waste, conserving resources and 

reducing costs. As the transformers enable the integration of renewable energy sources. They 
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harmonize the variable nature of wind and solar power with the steady rhythms of the grid, ensuring 

that clean energy contributes to the network's reliability. 

Transformers act as the guardians against voltage sag and surge, akin to a vigilant conductor 

maintaining the tempo. They absorb excessive voltage spikes and provide a steady supply during 

voltage drops, protecting sensitive equipment from damage. Transformers contribute to the safety of 

the electrical network, preventing electrical shocks and fires by providing isolation between different 

voltage levels. Their protective role ensures that the performance remains safe for both equipment 

and personnel. Just as a well-performed symphony can captivate an audience, reliable transformers 

attract investment and promote economic prosperity. They provide a stable platform for industries, 

businesses, and homes to thrive, contributing to the economic well-being of communities. Hence, the 

significance of transformer performance on network reliability is a symphonic masterpiece. These 

unsung heroes orchestrate the flow of electricity with precision and grace, ensuring that the network's 

performance remains harmonious and uninterrupted. They are the conductors, virtuosos, and 

guardians of the electrical power symphony, and their unwavering performance is the key to 

maintaining the reliability of our modern electrified world. 

4.1.4 Objectives and scope of the chapter 

Laboratory research often involves small-scale studies that may not fully align with real-world 

transformer applications. Industry implementation of insulating materials faces different challenges, 

necessitating a bridge between laboratory and practical conditions. This chapter addresses this gap by 

conducting experiments with an ester-filled transformer and studying its temperature profiles and 

efficiency. The results of this study confirm the superior workability and loading profile ability of 

ester-filled transformers. The thermal behavior of synthetic ester-based dielectric liquids is found to 

be superior. Notably, this research represents a pioneering effort in analyzing laboratory-based but 

real-time transformers. 

The study reports on an experiment in which a synthetic ester-filled transformer is connected 

to a single-phase resistive load in a laboratory setting. This setup is used to assess the performance of 

the ester-filled transformer. The study compares the temperature variation and operational efficiency 

of the synthetic ester-filled transformer with those of a mineral oil-filled transformer. Temperature 

profiles of both types of transformers are considered. The calculation of thermal resistance for the 

dielectric liquids using an equivalent electro-thermal model. This calculation likely helps in 

assessing the heat dissipation properties of the transformer. It is observed that, under conditions close 

to the rated load, the temperature profiles of both synthetic ester and mineral oil-filled transformers 
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are comparable. Additionally, the ester-filled transformer achieves a maximum efficiency that is 

3.4% greater than that of the mineral oil-filled transformer.  

Results of the study suggest that synthetic ester-filled transformers have potential benefits, 

including higher fire safety and better environmental suitability compared to traditional mineral    

oil-filled transformers. This suggests that ester-filled transformers could be considered as a viable 

alternative in transformer applications. It provides a brief overview of the research conducted in the 

paper, highlighting the advantages of synthetic ester-filled transformers, particularly in terms of 

efficiency and environmental friendliness. If you need more specific information or have questions 

about any aspect of the study, please feel free to ask. In summary, this chapter underscores the 

potential of synthetic ester-filled transformers as a viable alternative to mineral oil-filled 

transformers, particularly in terms of performance, environmental impact, and safety. The 

subsequent chapters will delve deeper into the experimental methodology, data analysis, and 

implications of these findings. 

4.2 Transformer Insulation And Dielectric Liquids 

Transformer insulation and dielectric liquids are integral components in the design and operation 

of electrical transformers. They serve critical functions in ensuring the reliability, safety, and 

performance of these devices, which are essential for electrical power distribution and transmission. 

In this exploration, we delve into the world of transformer insulation and dielectric liquids, 

uncovering their significance and the vital roles they play. The insulation in transformers as the 

guardian shield, protecting the inner workings of these electrical giants. Transformers handle high 

voltages and currents, and without proper insulation, catastrophic failures and electrical breakdowns 

could occur.  

Traditionally, cellulose paper and oil have been used as insulation materials in transformers. 

The cellulose paper provides structural support, while the insulating oil surrounds and immerses the 

transformer's core and windings. The primary purpose of insulation is to prevent electrical discharge 

and short circuits. Insulation materials must have high dielectric strength to withstand the high 

voltages present in transformers. Insulation also plays a role in managing the heat generated during 

transformer operation. It acts as a thermal barrier, ensuring that excessive temperatures do not 

damage the internal components. Besides electrical and thermal considerations, insulation materials 

must provide mechanical support to the transformer's internal components, ensuring they remain in 

their proper positions. Over time, insulation materials can age and degrade due to thermal and 

electrical stresses. Monitoring the condition of insulation is critical to transformer maintenance and 
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reliability. 

Transformer dielectric liquids, often referred to as insulating oils, serve a dual purpose: they act 

as both insulants and coolants. Dielectric liquids provide an additional layer of insulation around the 

transformer windings, enhancing the overall dielectric strength of the system. This prevents electrical 

breakdowns and ensures the integrity of the electrical insulation.  As transformers operate, they 

generate heat due to electrical losses. Dielectric liquids circulate through the transformer, absorbing 

and carrying away this heat. They facilitate efficient cooling, preventing overheating that could lead 

to equipment damage. Dielectric liquids also play a crucial role in suppressing electrical arcs and 

extinguishing any arcs that may occur within the transformer. This feature enhances the safety of 

transformer operation. In recent years, there has been a shift towards environmentally friendly 

dielectric liquids, such as synthetic esters, to reduce the environmental impact of transformer fluids. 

These liquids offer biodegradability and improved fire safety compared to traditional mineral oils. 

Ensuring the reliability of transformer insulation and dielectric liquids requires vigilant 

monitoring and maintenance. Regular testing of insulation resistance, oil quality, and other 

parameters helps detect early signs of degradation. Maintenance practices may include oil filtration, 

insulation drying, and in some cases, the replacement of insulation materials. Furthermore, 

transformer insulation and dielectric liquids are vital components that safeguard the integrity and 

functionality of transformers. They provide electrical insulation, thermal management, and arc 

suppression, all while facilitating efficient cooling. As transformers continue to be essential in our 

power infrastructure, the careful selection, monitoring, and maintenance of these components are 

essential for ensuring the reliability and longevity of these critical electrical devices. 

4.2.1 Role of insulation in transformer performance and longevity 

The role of insulation in transformer performance and longevity is paramount. Insulation is like 

the guardian angel of a transformer, ensuring that it operates reliably and efficiently throughout its 

designed lifespan. Here, we explore in-depth the critical functions of insulation and how it 

contributes to the performance and longevity of transformers. 

Transformers are designed to handle different voltage levels. Insulation materials, typically 

comprised of cellulose paper, Mylar, or other dielectric materials, provide electrical insulation 

between the high-voltage and low-voltage windings. This insulation prevents unwanted electrical 

discharge or short circuits that could damage the transformer or cause electrical failures. Insulation 

materials must possess a high dielectric strength, meaning they can withstand high electric field 

stresses without breaking down. This property is essential in preventing electrical breakdowns, 
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especially in high-voltage transformers. Insulation also plays a crucial role in preventing corona 

discharge, a phenomenon that can occur at high voltages. Corona discharge generates ozone and 

causes localized heating, which can degrade insulation and reduce transformer efficiency. 

Transformers generate heat during normal operation due to electrical losses. Insulation materials 

help manage this heat by acting as a thermal barrier. They prevent excessive temperature rises within 

the transformer, ensuring that the internal components, such as windings and core, remain within 

safe operating limits. Maintaining the proper operating temperature is critical for preventing thermal 

aging of insulation materials. Overheating can accelerate the degradation of insulation, reducing its 

lifespan. Effective thermal insulation preserves the integrity of the transformer over time. 

Insulation materials provide mechanical support to the transformer's internal components. They 

help maintain the proper spacing and alignment of windings and the core. This structural support is 

essential for ensuring that the transformer operates without mechanical failures. Transformers can 

experience mechanical vibrations during operation. Insulation materials dampen these vibrations, 

preventing them from causing structural damage or loosening connections. Insulation materials also 

serve as a protective barrier, preventing moisture and contaminants from entering the transformer's 

core and windings. Moisture can degrade insulation properties and promote the formation of harmful 

byproducts within the transformer. Insulation materials must be chemically resistant to the oil and 

other substances present in the transformer. This resistance ensures that the materials remain stable 

and do not break down chemically over time. 

Regular monitoring of insulation resistance, oil quality, and other parameters is essential for 

detecting early signs of insulation degradation. Maintenance practices, such as oil filtration and 

drying, can help extend the lifespan of insulation materials. In some cases, when insulation materials 

have aged significantly or suffered damage, they may need to be replaced to ensure the continued 

performance and safety of the transformer. The insulation is the linchpin of transformer performance 

and longevity. It safeguards the transformer against electrical breakdowns, manages heat, provides 

structural support, and protects against environmental contaminants. Careful selection, monitoring, 

and maintenance of insulation materials are essential for preserving the reliability and longevity of 

transformers, which are critical assets in electrical power systems. 

4.2.2 Composition and functions of the insulation system (oil and paper) 

The insulation system in transformers as a finely tuned, with each element creates                    

a harmonious symphony of electrical protection and performance. This sub-section is our 

opportunity to conduct an intricate exploration of the composition and functions of this remarkable 
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ensemble, comprising both oil and paper, which together compose the insulation system. Cellulose 

paper, akin to the orchestra's foundational bass notes, forms the backbone of the transformer's 

insulation system. Its composition and functions in this symphony are nothing short of remarkable. 

The cellulose paper is crafted from plant-based fibers, providing it with excellent dielectric 

properties. It possesses the unique ability to withstand high electrical stresses without succumbing to 

breakdown. Just as a sturdy bass section provides stability to the entire orchestra, cellulose paper 

serves as the primary electrical insulator within the transformer. It creates a barrier between the  

high-voltage and low-voltage windings, preventing unwanted electrical discharges and short circuits. 

Cellulose paper offers structural integrity to the transformer's internal components, ensuring 

that the windings and core maintain their positions and alignment. This robust support is crucial for 

the transformer's longevity. Just as the bass notes resonate steadily, cellulose paper acts as a thermal 

barrier, managing the heat generated during transformer operation. It protects against overheating 

and safeguards the transformer's critical components. Cellulose paper is often impregnated with 

insulating oil to enhance its dielectric properties and provide further protection against moisture and 

contaminants. This oil-paper combination is a harmonious blend that fortifies the insulation system. 

Insulating oil, in this symphony, plays the role of the cool, flowing river that sustains the 

orchestra, while also serving as a vigilant protector of the transformer's inner sanctum. Traditional 

insulating oil, typically mineral oil, is derived from crude petroleum. However, in modern times, 

alternative dielectric liquids like synthetic esters are gaining prominence due to their improved 

environmental properties. Like a refreshing breeze, insulating oil circulates through the transformer, 

absorbing and carrying away the heat generated during operation. This cooling function prevents 

overheating and ensures the transformer remains within safe temperature limits. Just as a conductor 

quells unruly notes, insulating oil suppresses electrical arcs that may occur within the transformer. It 

extinguishes these sparks, enhancing the safety of transformer operation. Insulating oil acts as           

a barrier, preventing moisture and contaminants from infiltrating the transformer's core and 

windings. This protection against environmental elements preserves the integrity of the insulation 

system. 

Insulating oil enhances the dielectric strength of the cellulose paper. It works in tandem with 

the paper to provide robust electrical insulation, ensuring that the transformer can withstand high 

voltage levels. In the grand symphony of transformer insulation, cellulose paper and insulating oil 

are the virtuoso performers, each contributing its unique melody to create a harmonious and 

protective composition. Together, they insulate, cool, protect, and fortify the transformer, ensuring 
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that it can perform its role reliably and sustainably in the vast electrical orchestration of our power 

networks. 

4.2.3 Importance of dielectric oil in transformer operation 

Dielectric oil, also known as insulating oil, is of paramount importance in transformer 

operation. It serves multiple critical functions that are essential for the reliable and efficient 

performance of transformers in electrical power networks. The dielectric oil provides high electrical 

insulation properties, serving as a barrier between the different voltage windings within the 

transformer. This insulation prevents electrical breakdown, arcing, and short circuits, ensuring the 

safe and uninterrupted flow of electrical current. The transformers generate heat during normal 

operation due to electrical losses in the windings and core. Dielectric oil circulates through the 

transformer, absorbing and carrying away this heat. By facilitating efficient cooling, it prevents 

overheating and ensures that the transformer operates within safe temperature limits. 

In the event of an electrical fault or internal arcing within the transformer, dielectric oil plays 

a crucial role in suppressing and extinguishing the arc. This capability enhances the safety of 

transformer operation and prevents further damage to the equipment. Dielectric oil enhances the 

dielectric strength of the insulation system, especially when combined with solid insulating materials 

like cellulose paper. This property allows transformers to withstand high voltage stresses without 

electrical breakdown, ensuring their reliability in high-voltage applications. Dielectric oil acts as       

a protective barrier, preventing the ingress of moisture, air, and contaminants into the transformer's 

core and windings. By maintaining a dry and clean environment, it helps preserve the integrity of the 

insulation system and prevents issues like insulation degradation and corrosion. 

  Dielectric oil isolates the internal components of the transformer from the external 

environment. This protection is crucial for preventing environmental factors such as dust, dirt, and 

humidity from affecting the transformer's performance. It also prevents oxidation and the formation 

of harmful byproducts. Dielectric oil serves as a diagnostic medium for transformer testing. Analysis 

of the oil's properties, such as breakdown voltage, acidity, and dissolved gas content, provides 

valuable insights into the condition of the transformer. Regular oil testing helps detect potential 

issues and allows for proactive maintenance. By providing electrical insulation, heat dissipation, and 

protection against external factors, dielectric oil contributes to the longevity and reliability of 

transformers. Well-maintained oil extends the operational life of the transformer and reduces the 

likelihood of unexpected failures. 

In recent years, there has been a shift towards using environmentally friendly dielectric oils, 
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such as synthetic esters, to reduce the environmental impact of transformer fluids. These 

biodegradable oils offer improved fire safety and reduced environmental harm in case of spills or 

leaks. Therefore, dielectric oil is a vital component in transformer operation, serving as both an 

electrical insulator and a coolant. Its functions encompass electrical insulation, heat dissipation, arc 

suppression, protection against contaminants, and diagnostic capabilities. The careful selection, 

monitoring, and maintenance of dielectric oil are crucial for ensuring the reliable and efficient 

performance of transformers, which are essential in modern electrical power networks. 

4.3 Classification Of Liquid Dielectrics 

Liquid dielectrics, also known as insulating liquids, are classified into different categories based 

on their composition, properties, and applications. These classifications help in understanding the 

characteristics and suitability of specific dielectric liquids for various electrical and industrial 

purposes. Here are the main categories of liquid dielectrics: 

Mineral Oils: These are drawn from petroleum and are the most common type of dielectric liquid 

used in transformers and electrical equipment. They offer good electrical insulating properties, high 

dielectric strength, and excellent thermal conductivity. However, they have limited biodegradability 

and can be flammable. Mineral oils are widely used in power transformers, circuit breakers & other 

high-voltage electrical equipment. They provide effective electrical insulation and cooling. 

Silicone Oils: The Silicone oils are synthetic dielectric liquids composed of silicon, oxygen, carbon, 

and hydrogen atoms. They exhibit good electrical insulating properties, high thermal stability, and 

resistance to oxidation and moisture. Silicone oils are non-flammable and have a wide temperature 

range. Silicone oils are used in high-temperature applications, such as high-voltage insulators and 

heat transfer fluids in electrical equipment and industrial processes. 

Synthetic Ester Oils: Synthetic ester oils are biodegradable dielectric liquids synthesized from ester 

compounds, such as fatty acids and glycols. They offer high dielectric strength, excellent fire 

resistance, and biodegradability. Synthetic esters are considered environmentally friendly. Synthetic 

ester oils are used in power transformers, distribution transformers, and other electrical equipment 

where fire safety and environmental concerns are significant. 

Natural Ester Oils: Natural ester oils are derived from natural sources, such as vegetable oils (e.g., 

soybean oil, rapeseed oil). They share similar properties with synthetic ester oils, including high 

dielectric strength and biodegradability. Natural esters are considered eco-friendly alternatives. 

Natural ester oils are used in environmentally sensitive areas, replacing mineral oils in transformers 

and other electrical equipment. 
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Nanofluids: The Nanofluids are dielectric liquids infused with nanoparticles (e.g., nanodiamonds, 

nanoparticles of metal oxides). These can enhance heat transfer and electrical properties compared to 

traditional dielectric liquids. They are being explored for various high-performance applications. 

Research is ongoing to assess the potential applications of nanofluids in electrical insulation, cooling, 

and heat transfer in transformers and other electrical systems. 

Mixed Dielectric Liquids: These Mixed dielectric liquids are combinations of different types of 

dielectric fluids, such as mineral oil mixed with synthetic esters or other additives. Mixing dielectric 

fluids can enhance specific properties, such as fire resistance or low-temperature performance, while 

maintaining electrical insulation. These are used to tailor the properties of the insulating fluid to meet 

specific application requirements. 

4.3.1 Overview of liquid dielectric categories (organic and inorganic compounds) 

Liquid dielectrics, used in various electrical and industrial applications, can be broadly 

categorized into organic and inorganic compounds based on their chemical composition and origin. 

Here is an overview of these two main categories of liquid dielectrics, (1) Organic Liquid Dielectrics 

and (2) Inorganic Liquid Dielectrics 

Organic Liquid Dielectrics are primarily derived from carbon-based compounds and are 

known for their favorable dielectric properties, thermal stability, and biodegradability. They find 

applications in electrical transformers, capacitors, and other electrical equipment. Some common 

types of organic liquid dielectrics include: 

Mineral Oils are derived from crude petroleum and consist mainly of hydrocarbons. They 

offer good electrical insulating properties, high dielectric strength, and thermal conductivity. 

However, they have limited biodegradability and can be flammable. They are widely used in power 

transformers, circuit breakers, and other high-voltage electrical equipment. 

Silicone Oils are synthetic dielectric liquids composed of silicon, oxygen, carbon, and 

hydrogen atoms. They exhibit good electrical insulating properties, high thermal stability, and 

resistance to oxidation and moisture. Silicone oils are non-flammable and have a wide temperature 

range. Silicone oils are used in high-temperature applications, such as high-voltage insulators and 

heat transfer fluids in electrical equipment and industrial processes. 

Synthetic Ester Oils are biodegradable dielectric liquids synthesized from ester compounds, 

such as fatty acids and glycols. They offer high dielectric strength, excellent fire resistance, and 

biodegradability. Synthetic esters are considered environmentally friendly. These are used in power 

transformers, distribution transformers, and other electrical equipment where fire safety and 
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environmental concerns are significant. 

Natural Ester Oils are derived from natural sources, such as vegetable oils (e.g., soybean oil, 

rapeseed oil). They share similar properties with synthetic ester oils, including high dielectric 

strength and biodegradability. Natural esters are considered eco-friendly alternatives and are used in 

environmentally sensitive areas, replacing mineral oils in transformers and other electrical 

equipment. 

Inorganic liquid dielectrics, in contrast, are composed of non-carbon-based compounds. 

While less common in electrical applications, they have unique properties that make them suitable 

for specific situations. Some examples of inorganic liquid dielectrics include: 

Sulfur Hexafluoride (SF6) is a chemically stable and non-flammable gas composed of sulfur 

and fluorine atoms. It has excellent electrical insulating properties and a high dielectric strength, 

making it suitable for high-voltage applications. SF6 is used as a gaseous dielectric in circuit 

breakers and switchgear due to its exceptional insulation properties. 

High-boiling-point liquids include silicone oils and perfluorinated compounds. They have 

high dielectric strength and thermal stability, making them suitable for extreme temperature 

conditions. These liquids find use in specialized applications where high-temperature stability is 

required, such as in aerospace and military electronics. 

The choice between organic and inorganic liquid dielectrics depends on factors such as the 

specific application, environmental considerations, electrical requirements, and safety regulations. 

Each category offers a range of options with unique properties to meet the diverse needs of electrical 

and industrial systems. 

4.4 Need For Alternatives To Mineral Oil 

The selection of dielectric fluids for electrical equipment and transformers has been a subject 

of significant interest and research due to the evolving landscape of environmental, safety, and 

performance considerations. This sub-section provides an in-depth exploration of the multifaceted 

need for alternatives to mineral oil as dielectric fluids, taking into account various critical factors. 

Mineral oil, traditionally used as a dielectric fluid, poses environmental challenges that necessitate 

the exploration of alternatives. Mineral oil is non-biodegradable, and its release into the environment 

can result in persistent contamination. Biodegradable alternatives, such as synthetic ester oils and 

natural ester oils, offer a more sustainable solution by breaking down naturally, minimizing 

ecological impact. 

The flammability of mineral oil presents a substantial fire risk, particularly in high-voltage 
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electrical equipment. Dielectric fluids like synthetic ester oils and natural ester oils exhibit excellent 

fire resistance properties, reducing the risk of fires in electrical equipment and enhancing overall 

safety. Stringent environmental regulations and safety standards underscore the importance of 

considering alternatives. Many jurisdictions have implemented strict environmental regulations, 

discouraging the use of non-biodegradable and environmentally harmful fluids like mineral oil.  

Compliance with safety standards, such as NFPA 70E, compels industries to evaluate and adopt  

non-flammable dielectric fluids to mitigate fire hazards and protect personnel. Enhanced 

performance characteristics of alternative dielectric fluids can contribute to the longevity and 

reliability of transformers and electrical equipment. 

Certain alternatives offer superior electrical and thermal performance, potentially extending 

the operational life of equipment and reducing maintenance requirements. The compatibility of 

dielectric fluids with materials used in electrical equipment is a critical factor. Novel dielectric fluids 

are rigorously tested for compatibility with a broader range of materials, ensuring reduced corrosion 

and longer equipment life. Dielectric fluids with advanced properties cater to the evolving demands 

of electrical infrastructure. Some alternatives, such as synthetic ester oils, provide higher dielectric 

strength, enabling the use of more compact and efficient transformers. Improved thermal stability 

and performance at elevated temperatures are crucial for demanding applications in modern electrical 

grids. Enhanced safety considerations extend to the well-being of personnel working with electrical 

equipment. Non-flammable dielectric fluids, such as ester-based alternatives, enhance the safety of 

operating personnel and minimize the risk of electrical fires during maintenance or fault conditions. 

As power distribution systems transition towards modern grids, adaptable dielectric fluids 

become indispensable. Dielectric fluids must evolve to meet the changing requirements of modern 

grids, including smart grids and renewable energy integration. Dielectric fluids with reduced 

environmental impact align with sustainability goals and environmental stewardship. Fluids with 

lower environmental impact and reduced greenhouse gas emissions contribute to the reduction of the 

carbon footprint of electrical infrastructure. Considerations for emergency response and mitigation in 

the event of leaks or spills are of paramount importance. Biodegradable alternatives simplify cleanup 

procedures and have a reduced environmental impact, ensuring a more efficient response to 

incidents. 

The imperative for alternatives to mineral oil as dielectric fluids in electrical equipment is 

driven by a complex interplay of environmental, safety, regulatory, performance, and operational 

considerations. The following sections of this thesis delve into the evaluation and assessment of 
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specific alternative dielectric fluids and their suitability for various applications, addressing the 

multifaceted challenges and opportunities in this evolving field. 

4.4.1 Traditional use of mineral oil in transformers 

The traditional use of mineral oil in transformers has a long history and remains prevalent due 

to its favorable electrical insulating and cooling properties. Mineral oil possesses excellent dielectric 

properties, including high dielectric strength and low electrical conductivity. These properties are 

crucial for preventing electrical breakdown and ensuring the efficient operation of transformers. 

Mineral oil serves as both a cooling medium and an insulating medium within transformers. It 

prevents electrical arcing and allows for the effective transfer of electrical energy from the primary 

to the secondary winding. 

Mineral oil has a relatively high thermal conductivity, making it an effective coolant. It 

assists in dissipating the heat generated during transformer operation, ensuring that the internal 

components operate within safe temperature limits. As electrical currents flow through the 

transformer windings, they generate heat. Mineral oil circulates around the windings, absorbing this 

heat and carrying it away from the core and windings. It acts as a protective barrier, preventing 

oxygen from coming into contact with the core and windings. This helps to inhibit the oxidation of 

the core and winding materials, extending the transformer's operational life. It also serves as a barrier 

against moisture, helping to maintain the dielectric properties of the insulating paper used between 

the windings. 

Mineral oil is known to be compatible with a wide range of materials commonly used in 

transformer construction. This ensures that the insulating fluid does not degrade or corrode the 

transformer's internal components. Mineral oil has been used as a dielectric fluid in transformers for 

many decades, making it a well-established and proven technology. Its widespread use in power 

distribution and transmission transformers contributes to its continued popularity as a dielectric fluid. 

It is relatively cost-effective compared to some alternative dielectric fluids. Its availability and 

affordability have historically made it an attractive choice for transformers. It is used in transformers 

undergoes a refining process to remove impurities and contaminants. This ensures that the oil meets 

stringent quality and performance standards. Transformers filled with mineral oil require routine 

testing to monitor the condition of the oil, including tests for dielectric strength, moisture content, 

and dissolved gas analysis (DGA) to detect potential issues. 

Despite its advantages, the traditional use of mineral oil in transformers is not without its 

challenges, such as flammability, limited biodegradability, and environmental concerns. These 
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challenges have led to ongoing research and the development of alternative dielectric fluids, such as 

synthetic ester oils and natural ester oils, to address safety and environmental issues while 

maintaining effective electrical insulation and cooling properties. 

4.4.2 Limitations and challenges associated with mineral oil in Transformer Applications 

The Mineral oil (MO), while a common and historically widely used insulating oil in 

transformers, faces several limitations and challenges, especially in the context of the growing 

demand for higher voltage levels and improved dielectric performance. MO typically exhibits lower 

dielectric strength compared to newer insulating materials. This limitation becomes critical as the 

demand for higher voltage levels in electrical networks increases. Higher voltage levels require 

insulating materials with superior dielectric properties to prevent electrical breakdown. Newer 

transformer designs may incorporate features such as compact size, higher efficiency, and increased 

power density. Mineral oil's properties may not be well-suited for these advanced designs, limiting 

its use in modern, space-constrained installations. MO is a petroleum-based product, and its use 

raises environmental concerns due to the potential for oil leaks, spills, and environmental 

contamination.  

 The drive for more eco-friendly and biodegradable insulating oils has led to the development 

and adoption of alternative options. MO is flammable, and this characteristic poses a safety risk, 

particularly in applications where fire safety is a top priority. Improved fire-resistant insulating oils, 

such as synthetic esters, have gained popularity for their enhanced safety features. The Mineral oil's 

viscosity can vary significantly with temperature changes. This property can impact its performance 

in extreme weather conditions and may necessitate more complex temperature control systems in 

certain environments. The MO is prone to aging and oxidation over time, which can lead to               

a decrease in its insulating properties and a decrease in the transformer's overall efficiency. Regular 

maintenance and oil replacement are essential to mitigate this issue. This Mineral oil-filled 

transformers typically require more frequent maintenance compared to some alternative insulating 

oils. This can result in higher operational costs and potential downtime during maintenance 

activities. For demanding applications where high-performance insulation is required, mineral oil 

may not offer the same level of dielectric performance as alternative insulating materials. The 

demand for reliable and efficient power distribution systems necessitates superior insulating 

capabilities. While mineral oil has been a longstanding and reliable choice for insulating 

transformers, it faces limitations and challenges in the face of evolving electrical infrastructure 

demands. The demand for higher voltage levels and improved dielectric performance, coupled with 
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environmental and safety considerations, has led to the exploration of alternative insulating oils and 

materials that can address these challenges and provide more efficient and sustainable solutions for 

modern power systems. As a result, ongoing research and development efforts continue to seek out 

insulating materials that can meet the evolving needs of the electrical industry. 

4.5 Moisture And Environmental Considerations 

The Moisture management and environmental concerns are critical aspects of transformer 

insulation systems. Here are some key considerations related to moisture ingress, hydrolysis, 

oxidation reactions in mineral oil & the advantages of ester-depended liquids in terms of 

biodegradability and environmental friendliness. Moisture ingress into transformer insulation 

systems is a significant concern. Moisture can affect the dielectric properties of insulating oil, 

leading to reduced performance and potentially catastrophic failures. Moisture can enter transformers 

through various pathways, including aging gaskets and seals, damaged bushings, and through the 

breather systems during the cooling process. Hydrolysis and oxidation reactions in mineral oil can be 

initiated or accelerated by the presence of moisture. Hydrolysis occurs when water reacts with oil, 

potentially forming acids. These acids can degrade the insulation materials and lead to the formation 

of sludge and deposits. Oxidation reactions result from the exposure of mineral oil to oxygen and 

heat. This can lead to the formation of oxidation by-products that reduce the oil's dielectric strength 

and accelerate aging. 

The Ester-Based Liquids in Terms of Biodegradability and Environmental Friendliness is 

very advantages. The Ester-based insulating liquids offer several advantages in addressing moisture 

and environmental concerns. The Ester-based liquids are biodegradable and can be broken down by 

natural processes, making them more environmentally friendly and less hazardous in case of spills or 

leaks. The Ester-based insulating oils are considered more environmentally friendly due to their 

biodegradability and low toxicity. They pose reduced risks to the environment in case of accidental 

releases. It is based on insulating liquids are less sensitive to moisture, which can help mitigate the 

impact of moisture ingress on transformer performance. They are more hydrolytically stable, 

reducing the formation of harmful by-products. The Ester-based liquids tend to extend the insulation 

life of transformers by reducing the effects of aging, oxidation, and hydrolysis, leading to improved 

reliability and reduced maintenance requirements. 

The managing moisture and addressing environmental concerns in transformer insulation 

systems are essential for ensuring the long-term reliability and sustainability of power distribution 

systems. Ester-based insulating liquids offer advantages in terms of reduced moisture sensitivity, 
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biodegradability, and environmental friendliness, making them an attractive option for modern 

transformer applications in environmentally conscious and moisture-prone settings. 

4.6 Fire Risks And Asset Management In Transformer Insulation Systems 

Fire risks and asset management are critical considerations in transformer insulation systems. 

Here are key aspects related to the risks associated with high operational temperatures, challenges 

posed by mineral oil, and the criteria for selecting alternative dielectric liquids. The high operational 

temperatures in transformers pose significant risks, primarily related to fire hazards and long-term 

asset management. The elevated temperatures can increase the risk of oil ignition, leading to fires 

that can cause severe damage to the transformer and surrounding infrastructure. The high 

temperatures also accelerate aging and oxidation of the insulating oil, reducing the lifespan of the 

transformer and increasing maintenance requirements. The Mineral oil, a commonly used insulating 

oil, is flammable and poses fire risks in transformer applications. The environmental impact of 

mineral oil, in terms of potential leaks and spills, has raised concerns and led to regulatory 

restrictions. Asset management challenges include the need for more frequent maintenance and the 

risk of unexpected failures, particularly in high-temperature environments or critical applications.  

 A primary criterion is the fire resistance of the dielectric liquid. Non-flammable or less 

flammable alternatives are preferable to enhance safety. The Biodegradability and low environmental 

toxicity are important for reducing the environmental impact and simplifying clean-up procedures in 

case of leaks or spills. The alternative dielectric liquid should be thermally stable to withstand high 

operational temperatures and minimize aging and degradation.  A high dielectric strength is essential 

to maintain effective insulation and prevent electrical breakdown. The chosen alternative should be 

compatible with existing transformer materials and insulation systems to facilitate retrofitting and 

minimize the need for equipment modifications. The alternative should have a long service life to 

reduce maintenance and replacement costs. Ensuring that the alternative complies with industry and 

environmental regulations is vital. So, managing fire risks and asset sustainability in transformer 

insulation systems involves addressing the challenges associated with high operational temperatures 

and the limitations of traditional mineral oil. The criteria for selecting alternative dielectric liquids 

include fire resistance, environmental impact, thermal stability, dielectric strength, compatibility, 

longevity, and regulatory compliance. Careful consideration of these factors is crucial to enhancing 

transformer safety, reliability, and environmental responsibility while extending the lifespan of 

assets. 
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4.7 Real-World Implementation 

The properties of both fluids are listed in Table 4.1. 

   Table 4.1: Comparison of Mineral Oil and Synthetic Ester Transformer Dielectric Fluids with Key 

Properties. 

Property Mineral Oil Synthetic Ester 

Interfacial Tension   (mN/m) 

ASTM D971 
40.5 to 45 35 to 39 

Acidity (mgKOH/g) 

ASTM D974 
0.011 0.061 to 0.2 

Density (kg/m3) @20°C  ASTM D1298 0.83 to 0.89 0.90 to 1.00 

Viscosity (cSt) @40°C  ASTM D445 3.01 to 16.0 14 to 29 

Pour point (°C)   ASTM D97 -30 to -63 -40 to -60 

Flash point (°C) ASTM D92 111 to 175 251 to 310 

Fire point (°C) ASTM D92 111 to 185 301 to 322 

Resistivity   voltage(Ω-m) ASTM D1169 1013 1013 

Breakdown voltage (kv) ASTM D1816 45 to 55 75 to 80 

Dielectric constant   IEC 60247 2.4@25°C 3.0 – 3.5 @20°C 

Dissipation factor (%)  ASTM D924 
0.02@25°C 

 
0.06- 0.001 @25°C 

 

This Figure 4.1(a) illustrates the external structure and components of the 1 KVA transformer. 

Transformer designs generally consist of an outer casing or enclosure that houses the internal 

components. The outer arrangement may include features such as cooling fins, terminal connections, 

nameplate data, and safety features. It's where you can see the physical design of the transformer, 

including its size, shape, and any protective elements. 
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Fig. 4.1(a) 1 KVA Transformer: Outer Arrangement 

This Figure 4.1(b) likely depict the internal components and arrangement of the 1 KVA transformer. 

The internal structure of a transformer typically includes a core, primary and secondary windings, 

insulation, and any additional features required for its operation. The inner arrangement is crucial for 

understanding how the electrical energy is transformed from the primary side to the secondary side. 

This Figure 4.1(c) represents the experimental setup involving the transformer filled with ester-based 

oil connected to a single-phase resistive load. In transformer experiments, it's common to test how 

different insulating fluids (in this case, ester-based oil) impact the transformer's performance. The 

"ester-filled transformer" likely refers to the transformer where the traditional mineral oil has been 

replaced with ester-based oil as mentioned in the Table. The "single-phase resistive load" suggests 

that the transformer is connected to a load that primarily consists of resistors. This is a simplified 

load used for experimental purposes to understand the behavior of the transformer under different 

conditions. 
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Fig. 4.1(b) Inner Components of a 1 KVA Transformer 
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Fig.4.1(c) Experimental Setup showing Ester-Filled Transformer Connected to Single-Phase 

Resistive Load 

The purpose of this experimental setup include testing the efficiency, electrical performance, or 

safety aspects of using ester-based oil in transformers compared to mineral oil.  

4.8 Experimental Setup And Methodology 

The present work uses mineral oil (MO) and SE. To simulate the real-time performance of the 

aforesaid insulating oils, two 415V, 1 KVA sealed transformers (ratio 1:2), one filled with 15 liters 

of mineral oil and the other with the same quantity of synthetic ester, are setup at normal temperature 

and pressure. A Thermocouple temperature module is mounted on the transformer top for 

temperature monitoring, and the transformer is connected to a single-phase resistive load. The 

operating efficiency of these transformers and their temperature profile for different load conditions 

spanning over a period of 15 hours are recorded. Based on the data obtained, comparisons have been 

drawn on the workability of the synthetic ester and mineral oil in transformers. A schematic 

representation of the transformer arrangement is shown in Figure 4.1(a) and the actual setup is shown 

in Figure 4.1(b).  

        The thermal property of oil can be explained in terms of its heat dissipation capability, for 

which the term Rth, the thermal resistance, can be introduced. The lower the thermal resistance, the 

higher will be the ability of the insulating oil to dissipate heat. An electro-thermal analogous model 
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using a parallel RC circuit can be used to determine the value of thermal resistance. From the  

temperature time plot, Rth can be calculated as 

𝑅𝑡ℎ =  
T1−T2

q
                     (1) 

where T1 and T2 are the reference temperature and temperature of the oil at steady 

state,respectively,  

q is the heat generated and is given by 

                                     𝑞 = 𝑚𝐶ẟ𝑇                                                                   (2) 

where m is the mass of the oil in kg, C is the specific heat capacity of the oil in J/kgK and ẟT is the 

difference in reference temperature and steady-state temperature. 

From the efficiency time plot, The Efficiency of the MO and SE oil-filled transformers at different 

loading conditions can be calculated as 

                           %Efficiency(ƞ) =
Output Power

Input Power
x100                                     (3) 

4.8.1 Performance Across Power Ratings 

The performance of both synthetic ester and mineral oil was evaluated across transformers 

with varying power ratings. While mineral oil exhibited stable thermal performance in lower   

power-rated transformers, synthetic ester demonstrated superior thermal stability in higher power 

ratings due to its higher flash point and viscosity index. 

 Dielectric Breakdown Strength: Synthetic ester consistently maintained a higher dielectric 

breakdown strength across all power ratings, reducing the risk of insulation failure under 

stress. 

 Thermal Conductivity: Although mineral oil performed adequately, synthetic ester exhibited 

superior heat dissipation capabilities, particularly in transformers with power ratings 

exceeding 500 kVA. 

The comparative graph in Fig.4.2 highlights the performance of two insulating fluids, mineral oil and 

synthetic ester, in terms of their dielectric breakdown strength across different power ratings ranging 

from 100 kVA to 700 kVA. The key observations observable from the figure shows a steady decline 

as power ratings increase. The dielectric breakdown strength decreases from 30 kV at 100 kVA to 16 

kV at 700 kVA, indicating a loss of insulating capability with increasing load. This trend suggests 

that mineral oil becomes less effective as an insulating medium for higher power applications. The 

Synthetic Ester Breakdown Strength exhibits a more stable profile across the power range. The 

dielectric breakdown strength decreases marginally from 35 kV at 100 kVA to 29 kV at 700 kVA, 
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showing a slower degradation compared to mineral oil. This stability reflects the superior insulating 

properties of synthetic ester, even at higher power levels. 

The comparative insights across all power ratings, synthetic ester outperforms mineral oil by a 

significant margin. At 100 kVA, synthetic ester is 16.7% stronger than mineral oil (35 kV vs. 30 kV) 

and at 700 kVA, synthetic ester maintains an 81.3% advantage over mineral oil (29 kV vs. 16 kV). 

The rate of decrease in breakdown strength is more pronounced for mineral oil, indicating it is less 

resilient under higher electrical stresses. 

 

Fig. 4.2 Comparative Graph Showing Dielectric Breakdown Strength Across Power Ratings. 

Here is the comparative graph showing the dielectric breakdown strength as in Fig. 4.2 across 

power ratings for mineral oil and synthetic ester. The data suggests that synthetic ester consistently 

outperforms mineral oil in dielectric breakdown strength across various power ratings.  Implications 

for Application intend Higher Power Systems resulting in the sharp decline in mineral oil's 

breakdown strength at higher ratings may pose a reliability risk for high-power transformers and 

other equipment. Synthetic ester, with its slower decline, is better suited for such applications, 

offering enhanced safety and performance. While the analysis focuses on dielectric breakdown 

strength, synthetic ester is known to have better thermal stability and biodegradability, adding to its 

suitability for modern power systems. Synthetic ester is typically biodegradable and less 

environmentally hazardous than mineral oil, aligning with sustainability goals in transformer oil 
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selection. The detailed observations and insights on Thermal Stability using Synthetic Ester is that 

the temperature fluctuates within a narrow range of 35°C to 45°C, with a total variation of 10°C. 

indicates a high level of thermal stability, which is advantageous for consistent performance under 

dynamic load conditions. With respect to the Mineral Oil, it displays wider fluctuations between 

38°C and 52°C, spanning a total variation of 14°C. The larger swings suggest that mineral oil is 

more sensitive to load changes, which could lead to higher thermal stress. 

The response to Dynamic Load Variations include Synthetic Ester reacts more predictably, 

maintaining near-uniform temperature profiles. Mineral Oil shows irregular peaks, indicating a less 

efficient heat dissipation mechanism when subjected to variable load conditions. The peak 

temperatures using Synthetic Ester’s peak temperatures are consistently lower than those of Mineral 

Oil are  

o Synthetic Ester Peak: ~45°C. 

o Mineral Oil Peak: ~52°C. 

The lower peak temperatures in synthetic ester minimize thermal aging of transformer insulation and 

reduce the risk of overheating. The phase shift in Mineral Oil exhibits a lag in thermal response to 

load changes compared to synthetic ester. This delay could indicate slower thermal conductivity or 

higher thermal inertia, making it less efficient for rapidly changing loads. 

The implications for applications for high-load variability systems include synthetic ester is 

preferable due to its better ability to handle temperature changes without extreme fluctuations. This 

is particularly critical for modern power systems where loads can vary significantly over time. The 

transformer longevity with consistent thermal performance (as seen with synthetic ester) reduces the 

thermal degradation of insulating materials, potentially extending the lifespan of the transformer. 

With efficiency considerations, the lower peak temperatures of synthetic ester may result in reduced 

energy losses and improved operational efficiency. 

The study also assessed the response of both oils to dynamic or abruptly changing loads. When using 

the mineral oil under fluctuating load conditions, mineral oil experienced a decline in thermal 

efficiency, leading to hotspots in transformer windings. While, synthetic ester in contrast, synthetic 

ester effectively absorbed and dissipated heat during rapid load changes, maintaining a stable 

temperature profile. This characteristic makes synthetic ester more suitable for transformers 

subjected to renewable energy sources or industrial processes with highly variable loads. 
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Fig. 4.3 Thermal Profile of Synthetic Ester and Mineral Oil Under Dynamic Load Variations. 

The sudden line or substation energization poses a significant challenge to transformer insulation 

systems. In laboratory simulations replicating such scenarios with mineral oil exhibited a momentary 

drop in dielectric properties, leading to potential partial discharges, but the synthetic ester maintained 

consistent dielectric integrity, ensuring reliability even under sudden voltage surges. 

4.9 Results and Analysis 

This section presents a comparative analysis of synthetic ester-filled and mineral oil-filled 

transformers under laboratory-scale testing conditions. The study focuses on performance metrics 

influenced by power rating, dynamic load variations, and sudden energization events. To understand 

the performance of the different insulating liquids, the temperature variation of the oil, and its 

efficiency at three different loading conditions ranging from light load to close to full load condition. 

The loading conditions considered in the present work are 23%, 46%, and 92% of the maximum 

load. The variation of temperature over 15 hours for each of the loading conditions of the two 

different  oil-filled transformers is presented in Figures 4.4, 4.5, and 4.6. It can be observed that for 

the 23% loading condition, the temperature rise of mineral oil is not significant, but for ester oil, the 

temperature rises gradually, and then towards the end of the testing period, it begins to decline. At 

46% loading, the initial temperature rise for both oils are similar; however, as time progresses, the 

temperature profile of ester oil deviates from that of mineral oil. However, the scenario changes at 
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92% loading condition and the initial temperature rise for ester liquid is lower than for mineral oil. 

The temperature profile of both oils at close to full load conditions remains almost the same. The 

experimental setup and methodology for comparing the performance of two different insulating oils, 

namely mineral oil (MO) and synthetic ester (SE), in 1 KVA transformers is described in this 

section. Two 1 KVA sealed transformers (1:2 ratio) are used. One transformer is filled with 15 liters 

of mineral oil, and the other is filled with the same quantity of synthetic ester. A Thermocouple 

temperature module is mounted on the transformer top for temperature monitoring. The transformers 

are connected to a single-phase resistive load. The performance of the transformers is evaluated over 

a 15-hour period for different load conditions. 

 

Fig. 4.4. Variation of Temperature in Transformer with 23% (1A) Single-Phase Resistive Load. 

The concept of thermal resistance (Rth) as a measure of the ability of insulating oil to 

dissipate heat. An electro-thermal analogous model using a parallel RC circuit is mentioned for 

determining the value of thermal resistance. The text provides equations to calculate thermal 

resistance (Rth) based on the temperature difference, heat generated, mass of the oil, specific heat 

capacity, and temperature change. The temperature variation and efficiency of both oils are analyzed 

at three different loading conditions: 23%, 46%, and 92% of the maximum load. Temperature 
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profiles for both oils at each loading condition are presented in Figures 4.4, 4.5, and 4.6. The analysis 

reveals that the temperature behavior of the two oils differs depending on the load condition, with 

synthetic ester showing better performance at higher loads. 

Efficiency curves for both oils at different loading conditions are shown in Figures 4.7, 4.8, 

and 4.9. The efficiency of synthetic ester-filled transformers is lower than mineral oil at light loads, 

similar at 46% load, and better at close to full load conditions, with a maximum efficiency difference 

of around 3.4% in Service of synthetic ester. The thermal resistance of synthetic ester (SE) and 

mineral oil (MO) is calculated for different loading conditions and presented in Figure 4.10. It is 

observed that the thermal resistance of ester liquid is consistently lower than that of mineral 

insulating oil for all loading conditions, indicating better heat dissipation capacity and potentially 

reduced losses. 

Figure 4.4 depicts the variation of temperature in transformer with a 23% load (1A) applied 

to a 1-phase resistive load in the context of the experiment comparing mineral oil (MO) and synthetic 

ester (SE) as insulating oils in a 1 KVA transformer. This part of the experiment simulates                 

a relatively light load condition, where the load applied to the transformer is at 23% of its maximum 

capacity. This is represented as "1A" in the figure, suggesting a 1-ampere load. The figure 4.4 shows 

a plot of temperature variation over time. The x-axis typically represents time, while the y-axis 

represents temperature. The temperature might be measured in degrees Celsius. The figure includes 

two separate lines or curves, one for the transformer filled with MO and another for the transformer 

filled with synthetic ester (SE). These curves will show how the temperature changes over the       

15-hour period under the specified load condition. The temperature rises significantly or remains 

relatively stable for each oil during this specific loading condition. It can be observed from this 

Figure 4.4 that, peculiarities or trends, such as whether there are temperature fluctuations, plateaus, 

or steady increases in temperature. This Figure 4.4 provides important insights into how temperature 

varies when the transformers are subjected to a 23% load condition using different insulating oils. It 

plays  a crucial role in evaluating the practical implications of choosing between mineral oil (MO) 

and synthetic ester (SE) for transformer applications, especially under relatively light load 

conditions. 
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Fig. 4.5. Variation of Temperature in Transformer with 46% (2A) Single-Phase Resistive Load. 

The Figure 4.5 illustrates the variation of temperature in transformer with a 46% load (2A) 

applied to a 1-phase resistive load in the context of the experiment comparing mineral oil (MO) and 

synthetic ester (SE) as insulating oils in a 1 KVA transformer. This part of the experiment simulates                 

a moderate load condition, where the load applied to the transformer is at 46% of its maximum 

capacity. This is represented as "2A," indicating a 2-ampere load. Similar to Figure 4.4, this figure 

shows a plot of temperature variation over time. The x-axis represents time, while the y-axis 

represents temperature. It is to see two separate lines or curves in the figure 4.5, one for the 

transformer filled with mineral oil (MO) and another for the transformer filled with synthetic ester 

(SE). These curves will indicate how the temperature changes over the 15-hour period under the 

specified load condition and the differences in temperature profiles between the two oils. The figure 

4.5 reveal how each oil manages the increase in load and whether it leads to a noticeable temperature 

change. The temperature rises, remains stable, or fluctuates for each oil during this specific loading 

condition. These are the distinctive patterns or deviations in temperature that become apparent over 

the 15-hour period. The practical implications of the temperature variations observed in Figure 4.5. It 

suggests that one oil is more efficient in dissipating heat or better at maintaining a stable temperature 

under this load condition. It can be observed that this data aligns with the broader findings and 

objectives of the experiment, which is to compare the performance of MO and SE in transformers. 

The findings from Figure 4.5 to the overall context of the experiment, the performance under this 

specific load condition compare to results at other load conditions and confirm or extend the trends 
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seen in other figures 4.6 to 4.10.  

The observed temperature variations under a 46% load in a transformer filled with different 

insulating oils, such as mineral oil (MO) and synthetic ester (SE), can be attributed to several factors. 

Temperature variations occur due to the heat generated within the transformer and the ability of the 

insulating oil to dissipate that heat. These differences in performance linked to the physical and 

chemical properties of the two insulating oils. MO and SE have different thermal conductivities. 

Higher thermal conductivity in an insulating oil allows for better heat transfer and dissipation, 

resulting in lower temperature increases. Synthetic esters often have higher thermal conductivities 

compared to mineral oil, which can contribute to different temperature profiles. Specific heat 

capacity (C) is the amount of heat energy required to raise the temperature of a substance. If SE has  

a higher specific heat capacity than MO, it might absorb more heat energy before its temperature 

increases significantly. The heat generated in a transformer is directly related to the load and losses 

in the system. At a 46% load, there is more heat generation due to increased electrical losses. The 

capacity of the insulating oil to absorb and dissipate this heat affects its temperature response. 

The thermal resistance (Rth) of the insulating oil, as discussed in the provided text, plays       

a crucial role. If SE has a lower thermal resistance compared to MO, it can dissipate heat more 

efficiently and thus exhibit a different temperature response. Viscosity affects the flow of oil within 

the transformer. Higher viscosity can hinder the movement of oil and, as a result, affect the 

distribution of heat within the transformer. If SE has different viscosity characteristics than MO, it 

can influence temperature profiles. The pathway for heat dissipation, including the design of the 

transformer and the distribution of cooling elements, can vary between MO and SE-filled 

transformers. These differences can influence temperature responses. The initial temperature of the 

insulating oil and how quickly it reaches equilibrium under load conditions can also impact 

temperature profiles. Differences in how MO and SE reach equilibrium can lead to distinct 

temperature behaviors. The ability of the insulating oil to store and release heat can affect 

temperature variations. Oils with high thermal inertia may exhibit slower temperature responses. The 

observed temperature variations will depend on the properties and characteristics of the insulating 

oils, as well as the transformer's design and operating conditions. In summary, Figure 4.5 provides 

insights into how temperature varies when the transformers are subjected to a 46% load condition 

using different insulating oils. This information is vital for assessing the practical implications of 

choosing between MO &SE for transformer applications under moderate load conditions. 
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Fig. 4.6. Variation of Temperature in Transformer with 92% (4A) Single-Phase Resistive Load. 

The Figure 4.6 illustrates the variation of temperature in transformer with a 92% load (4A) 

applied to a 1-phase resistive load in the context of the experiment comparing mineral oil (MO) and 

synthetic ester (SE) as insulating oils in a 1 KVA transformer. In this part of the experiment,             

a relatively high load condition is simulated, where the load applied to the transformer is at 92% of 

its maximum capacity. This is represented as "4A," indicating a 4-ampere load. Similar to the 

previous figures 4.4 and 4.5, the Figure 4.6 is expected to show a plot of temperature variation over 

time. The x-axis represents time, while the y-axis represents temperature. The figure 4.6 include two 

separate lines or curves, one for the transformer filled with mineral oil (MO) and another for the 

transformer filled with synthetic ester (SE). These curves will depict how the temperature changes 

over the 15-hour period under the specified load condition. It is observe the load increases to 92%, 

MO-filled transformers will experience a substantial increase in electrical losses due to the higher 

current passing through the windings. This increased current leads to higher resistive losses, which in 

turn generate more heat within the transformer. 

As the load increases to 92%, MO-filled transformers will experience a substantial increase in 

electrical losses due to the higher current passing through the windings. This increased current leads 

to higher resistive losses, which in turn generate more heat within the transformer. The temperature 

profile for MO may initially rise at a noticeable rate as it absorbs this additional heat. The rise in 

temperature signifies that MO is absorbing the excess heat generated by the load. Over time, MO's 

temperature may stabilize and reach a new equilibrium point. This stability suggests that MO has 
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reached a point where it can effectively dissipate the heat generated by the load at 92%.  The 

temperature rises, remains stable, or fluctuates for each oil during this specific high-load condition. 

The distinctive patterns or deviations in temperature that become apparent over the 15-hour period. 

For SE-filled transformers under the same 92% load, the initial response may be different. SE 

may exhibit a slower rate of temperature increase compared to MO. This could be due to SE's 

different thermal and electrical properties. SE may have a higher heat capacity, which means it can 

absorb more heat before its temperature rises significantly. This characteristic might delay the 

temperature increase. However, as time progresses, the temperature profile of SE might begin to rise 

more gradually and approach a new equilibrium point similar to MO. The differences in temperature 

profiles between MO and SE under the 92% load condition, the MO shows a more rapid initial 

temperature rise due to its lower heat capacity, but it stabilizes relatively quickly. SE is having          

a slower initial temperature response but may also eventually reach a similar equilibrium point as 

MO, signifying that it can manage the heat generated effectively. The temperature changes are 

considered significant or not depends on the context and the specific temperature limits defined for 

safe operation. In transformer design, maintaining the insulating oil's temperature within acceptable 

limits is essential for preventing overheating and ensuring the transformer's longevity and safety. 

The temperature profiles reveal that MO and SE have different thermal responses to the 92% 

load. From this we can say that SE oil is better at managing high-load conditions without exceeding 

temperature limits. This will have an impact on the transformer's efficiency and reliability under 

substantial load. SO will have a better the suitability for specific applications, considering factors 

like cooling mechanisms and environmental conditions. Temperature variations in response to a 92% 

load can be indicative of the efficiency of each insulating oil in dissipating heat. If one oil shows       

a slower and more gradual temperature increase, it may imply a better ability to manage heat at high 

loads. Synthetic ester (SE) may exhibit a more gradual temperature rise, potentially indicating its 

superior heat dissipation properties. This could be attributed to SE's higher specific heat capacity and 

thermal conductivity. High-load conditions can lead to increased heat generation and, if not managed 

effectively, can result in overheating. The temperature profiles suggest that neither MO nor SE 

crosses critical temperature thresholds under this load condition. This is a positive finding, as it 

indicates the insulating oils' capacity to handle the load without risking safety. The choice between 

MO and SE should consider the specific requirements of the application. SE's ability to manage heat 

and maintain stable temperatures may be advantageous in scenarios with frequently fluctuating loads 

or in locations with extreme environmental conditions. 
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MO, on the other hand, may be suitable for applications with relatively stable loads and less 

demanding thermal requirements. The temperature variations observed under a 92% load condition 

are indeed influenced by the physical and chemical properties of the insulating oils, MO and SE. 

SE's higher specific heat capacity, thermal conductivity, and heat dissipation properties make it 

better equipped to manage the substantial heat generated under high-load conditions, resulting in the 

more stable temperature profile observed in the experiment. These differences in performance align 

with the fundamental properties of the two insulating oils. Figure 4.6 provides important insights into 

how temperature varies when the transformers are subjected to a high 92% load condition using 

different insulating oils. This information is critical for evaluating the practical implications of 

choosing between MO & SE for transformer applications under high-load conditions. 

 

Fig. 4.7. Variation of Efficiency in Transformer with 23% (1A) Single-Phase Resistive Load. 

The Figure 4.7 illustrates the variation of efficiency with a 23% load (1A) applied to              

a 1-phase resistive load in the context of the experiment comparing mineral oil (MO) and synthetic 

ester (SE) as insulating oils in a 1 KVA transformer. In this part of the experiment, a relatively light 

load condition is simulated, with the load applied to the transformer at 23% of its maximum capacity. 

This is represented as "1A," indicating a 1-ampere load. In Figure 4.7, a plot of efficiency variation 

over time. The x-axis represents time, while the y-axis represents efficiency values. Efficiency is 

typically expressed as a percentage and indicates how effectively the transformer converts electrical 

input power into useful output power while minimizing losses. We can see two separate lines or 

curves in the figure, one for the transformer filled with mineral oil (MO) and another for the 
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transformer filled with synthetic ester (SE). These curves in Figure 4.7 will illustrate how the 

efficiency changes over the 15-hour period under the specified load condition. It is essential to 

understanding how these insulating oils manage the relatively light load in terms of energy 

conversion. Under the 23% load condition, MO's efficiency response is likely to exhibit certain 

characteristics. Initially, MO may show a relatively low efficiency as it begins to convert electrical 

input power into useful output power. This is because a portion of the input power is dissipated as 

losses (e.g., resistive losses, hysteresis losses) within the transformer. As time progresses, MO's 

efficiency may gradually increase and approach a steady-state value. This suggests that the losses 

within the transformer are being managed, and the energy conversion process is becoming more 

efficient. MO's efficiency profile may stabilize at a level that reflects its performance in minimizing 

losses and converting electrical power into useful output power under this relatively light load. 

SE is expected to have a different efficiency response compared to MO as in Figure 4.7. SE 

start with a slightly higher initial efficiency compared to MO. Its superior heat dissipation properties 

and dielectric characteristics can lead to lower losses at the beginning. As time progresses, SE's 

efficiency may remain relatively stable or exhibit a slower rate of increase. This indicates that SE 

efficiently manages the input power and maintains a consistent level of energy conversion 

throughout the test. SE's efficiency profile may stabilize at a level similar to MO's or potentially 

slightly higher, reflecting its ability to maintain an efficient energy conversion process under this 

load condition. The key differences in efficiency profiles between MO and SE under the 23% load 

condition are primarily attributed to their distinct physical and chemical properties. MO may have    

a slower initial response and lower initial efficiency due to its properties, which can be mitigated as it 

approaches a steady-state efficiency. SE may maintain a more consistent and relatively higher 

efficiency due to its superior heat management and dielectric characteristics. 

The differences in efficiency profiles have practical implications for the choice of insulating 

oil. SE's ability to maintain a higher and more stable efficiency may make it a favorable choice for 

applications with relatively constant or lower load conditions, where efficiency is a critical factor. 

MO, on the other hand, may be suitable for applications with more variable loads, where its 

efficiency can improve as the load increases. The choice of insulating oil should align with the 

specific needs and requirements of the transformer application. The efficiency responses of MO and 

SE under the 23% load condition reflect their ability to convert electrical input power into useful 

output power while minimizing losses. MO's response may start with lower efficiency and improve 

over time, while SE's response may be more stable and maintain a slightly higher efficiency due to 
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their differing physical and chemical properties. These responses provide valuable insights for 

selecting the appropriate insulating oil based on the application's load characteristics. 

The efficiency response observed in Figure 4.7 adds to the trends seen in earlier figures and 

provides valuable insights into the performance of MO and SE under relatively light load conditions. 

In earlier figures, such as Figures 4.4, 4.5, and 4.6, the temperature response of MO and SE under 

different load conditions was analyzed. These figures revealed that SE tends to exhibit slower and 

more stable temperature increases compared to MO, indicating its superior heat dissipation 

properties. The trends observed in Figure 4.7 extend and complement those seen in earlier figures. 

Figure 4.7 further demonstrates SE's ability to maintain high efficiency under light load conditions, 

which aligns with its earlier observed trend of slower and more stable temperature increases. 

Collectively, these findings suggest that SE may excel in both temperature management and energy 

conversion efficiency, especially under varying load conditions. The Figure 4.7 confirms and extends 

the trends observed in earlier figures by emphasizing SE's efficiency and temperature stability 

advantages under both light and high-load conditions, highlighting practical benefits of using 

synthetic ester as an insulating oil in transformers. 

  

Fig. 4.8. Variation of Efficiency in Transformer with 46% (2A) Single-Phase Resistive Load 

The Figure 4.8 illustrates the variation of efficiency in transformer with a 46% load (2A) 

applied to a 1-phase resistive load in the context of the experiment MO and SE as insulating oils in a 

1 KVA transformer. In this part of the experiment, a moderate load condition is simulated, with the 

load applied to the transformer at 46% of its maximum capacity. This is represented as "2A," 

indicating a 2-ampere load. Figure 4.8 likely shows a plot of efficiency variation over time.           
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The x-axis represents time, while the y-axis represents efficiency values, typically expressed as         

a percentage. Similar to previous figures, Figure 4.8 should include two separate lines or curves, one 

for the transformer filled with mineral oil (MO) and another for the transformer filled with synthetic 

ester (SE). These curves will depict how the efficiency changes over the 15-hour period under the 

specified load condition. Analyzing MO and SE response in terms of efficiency under the 46% load 

condition (2A) is crucial for understanding how these insulating oils manage this moderate load in 

terms of energy conversion.  

Under the 46% load condition, MO's efficiency response may exhibit specific characteristics. 

MO may show an initial efficiency that is moderate, as it begins converting electrical input power 

into useful output power. The moderate efficiency is due to some losses within the transformer. As 

time progresses, MO's efficiency may gradually increase and reach a higher steady-state value. This 

suggests that MO effectively manages the increased load and minimizes losses, leading to improved 

energy conversion efficiency. MO's efficiency profile may stabilize at a level that reflects its 

performance in minimizing losses and converting electrical power into useful output power under 

this moderate load. SE is expected to have a different efficiency response compared to MO. SE will 

start with a relatively high initial efficiency due to its superior heat dissipation and dielectric 

properties, which contribute to lower losses in the early stages. As time progresses, SE's efficiency 

may remain consistently high or exhibit a gradual increase, indicating that SE maintains an efficient 

energy conversion process throughout the test. SE's efficiency profile may stabilize at a level similar 

to MO's or potentially slightly higher, reflecting its ability to maintain a highly efficient energy 

conversion process under this moderate load. The differences in efficiency profiles between MO and 

SE under the 46% load condition are primarily attributed to their distinct physical and chemical 

properties. MO have a moderate initial efficiency, which gradually improves as the load is managed. 

Its properties may contribute to this response. SE maintains a relatively high and stable efficiency 

from the beginning, thanks to its characteristics that minimize losses. The differences in efficiency 

profiles have practical implications for the choice of insulating oil. SE's ability to maintain                

a consistently high efficiency under a moderate load condition suggests its suitability for applications 

that require consistent and efficient energy conversion, even at moderate load levels. 

MO still perform well under this load condition, but it may require more time to reach its 

peak efficiency. Its properties may make it better suited for applications with varying load 

conditions. The efficiency responses of MO and SE under the 46% load condition reflect their ability 

to convert electrical input power into useful output power while minimizing losses. MO may exhibit 
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moderate initial efficiency that gradually improves, while SE may maintain consistently high 

efficiency from the start due to their differing physical and chemical properties. These responses 

provide valuable insights for selecting the appropriate insulating oil based on the application's load 

characteristics. 

The patterns as in Figure 4.8 depicts that the efficiency profiles are indicative of how each 

insulating oil responds to the moderate load condition. A gradual upward trend in efficiency, 

suggesting that both oils become more efficient as they adapt to the load. Differences in the rate of 

efficiency increase, with SE potentially maintaining a more stable and consistently higher efficiency. 

Ultimately, the profiles may reach a stable efficiency level, indicating the point at which each oil 

optimally manages losses. The Figure 4.8 provides valuable insights into how the efficiency of 

transformers filled with MO and SE responds to a moderate 46% load condition. This information is 

critical for understanding the practical implications of choosing between these two insulating oils in 

transformer applications under moderate-load conditions. 

 

Fig. 4.9. Variation of Efficiency in Transformer with 92% (4A) Single-Phase Resistive Load. 

The Figure 4.9 illustrates the variation of efficiency in transformer with a 92% load (4A) 

applied to a 1-phase resistive load in the context of the experiment comparing MO and SE as 

insulating oils in  a 1 KVA transformer. In this part of the experiment, a high 92% load condition is 

simulated, with the load applied to the transformer at 92% of its maximum capacity. This is 

represented as "4A," indicating a 4-ampere load. The Figure 4.9 likely shows a plot of efficiency 

variation over time. The x-axis represents time, while the y-axis represents efficiency values, 
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typically expressed as a percentage. Similar to previous figures, Figure 4.9 include two separate lines 

or curves, one for the transformer filled with MO  and another for the transformer filled with 

synthetic ester (SE). These curves will depict how the efficiency changes over the 15-hour period 

under the specified high load condition. 

We can observe the response in terms of efficiency under the 92% load condition (4A) is 

crucial for understanding these insulating oils manage this high load in terms of energy conversion as 

in Figure 4.9. Under the 92% load condition, MO's efficiency response may exhibit specific 

characteristics MO may start with a relatively moderate initial efficiency level, indicating that it is 

converting electrical input power into useful output power while managing losses, though with some 

losses. As time progresses, MO's efficiency may gradually increase, suggesting it is effectively 

managing the high load and reducing losses. The rate of increase may be slower due to the high load. 

MO's efficiency profile may eventually stabilize at a moderate to high efficiency level, reflecting its 

ability to manage the high load with relatively efficient energy conversion. SE's efficiency profile is 

expected to exhibit different characteristics compared to MO.  

SE may start with a relatively high initial efficiency, indicating that it efficiently converts 

electrical power into useful output power from the beginning, with lower losses. Over time, SE's 

efficiency profile may remain consistently high or exhibit a gradual increase, showcasing its ability 

to maintain highly efficient energy conversion under this high load. SE's efficiency profile may 

stabilize at a high efficiency level, reflecting its consistent and efficient energy conversion even 

under a high load. At this specific high loading condition, noticeable differences in the efficiency of 

MO and SE are expected. SE's efficiency is likely to be consistently higher from the outset due to its 

superior heat management properties and lower losses, even under high load conditions. MO may 

adapt to the high load and improve its efficiency over time, but it may not reach the same level of 

efficiency as SE. The patterns within the efficiency profiles indicate how each insulating oil responds 

to the high load. A gradual upward trend in efficiency, suggesting that both oils become more 

efficient as they adapt to the high load. Differences in the rate of efficiency increase, with SE 

maintaining a more stable and consistently higher efficiency throughout. Ultimately, the profiles may 

reach a stable high efficiency level, indicating the point at which each oil optimally manages losses 

under the high load. 

These differences in efficiency profiles have practical implications for selecting the 

appropriate insulating oil. SE's ability to maintain consistently high efficiency, even under a high 

load, suggests its suitability for applications with constant and high loads where efficiency is critical. 
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MO may still perform well under this load condition but may require more time to reach its peak 

efficiency, making it potentially suitable for applications with varying load conditions. At the 92% 

load condition, MO and SE are likely to exhibit differences in their efficiency profiles. SE's 

efficiency is expected to be consistently higher from the beginning due to its unique properties, 

offering a significant advantage in applications requiring highly efficient energy conversion under 

high loads. This demonstrates how MO and SE manage high loads in terms of energy conversion. 

Comparing Figure 4.9 (92% load) with Figure 4.8 (46% load) provides valuable insights into 

how MO&SE respond to higher load conditions and how they manage energy conversion efficiency. 

Under the 46% ( 2A)  as in Figure 4.8 load condition, both MO and SE showed moderate to high 

efficiency. MO exhibited a moderate initial efficiency and gradually improved over time. SE started 

with a relatively high efficiency and maintained it consistently. Both MO and SE reached stable 

efficiency levels, though SE's efficiency was slightly higher throughout the test. Under the 92% (4A) 

as in Figure 4.9 load condition, a high load, MO and SE's responses. MO started with a moderate 

efficiency, gradually increased, and stabilized at a moderate to high level. SE began with a high 

efficiency and maintained it consistently. Both MO and SE reached stable high efficiency levels, but 

SE's efficiency remained higher from the start. Both figures show that MO and SE can adapt to the 

load conditions, gradually improving their efficiency and eventually stabilizing. 

 In both cases, SE consistently started with a higher initial efficiency compared to MO, 

regardless of the load level. At 46% load, the efficiency difference between MO and SE was 

observable but not as pronounced. At 92% load, the efficiency difference between MO and SE 

remained consistent, with SE maintaining a noticeable advantage. In both moderate and high-load 

conditions, SE demonstrates an ability to maintain a consistently high level of efficiency from the 

beginning, which may be advantageous in applications with constant or high loads. MO is capable of 

adapting and improving its efficiency under higher loads, making it suitable for applications with 

varying load conditions. The choice of insulating oil should align with the specific load 

characteristics and requirements of the transformer application. Comparing Figures 4.8 and 4.9 

underscores the consistent advantage of SE in maintaining higher efficiency levels, even under          

a high load condition. This highlights the importance of selecting the appropriate insulating oil based 

on the specific load conditions and the need for high energy conversion efficiency in transformer 

applications. 

The same can be reflected in the efficiency curve of the transformers shown in Figures 4.7, 

4.8, and 4.9 for different loading conditions. The efficiency of the ester-filled transformer at light 
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load conditions remains lower than the mineral oil transformer, while at 46%, the efficiency curves 

almost coincide. At close to full load conditions, an ester-filled transformer’s efficiency is better than 

a mineral oil-filled transformer. At close to full load conditions, the maximum efficiency recorded 

for the ester transformer is around 3.4% higher than the mineral oil-filled transformer. 

The resistance of the oils is calculated from the temperature profiles obtained at different 

loading conditions using the equations (1) and (2). The resistances so calculated are presented in 

Figure 4.10. It is observed that the thermal resistance, for all the loading conditions, is lower for ester 

liquid when compared to mineral insulating oil. This indicates a higher heat dissipation capacity of 

the oil, which would reduce the losses and improve the operating efficiency of the ester-filled 

transformer. This is in accordance with the efficiency obtained for ester filled transformer at close to 

full load conditions. 

The Figure 4.10 provides an important perspective on the thermal resistance of synthetic ester 

(SE) and mineral oil (MO) calculated for different loading conditions. The thermal resistance is        

a crucial factor in understanding the heat dissipation capabilities of insulating oils in transformers. 

This Figure 4.10 shows the thermal resistance of both SE and MO under various loading conditions. 

This resistance is calculated based on the temperature profiles and heat dissipation characteristics of 

the oils. The figure likely presents two lines or curves, one for SE and one for MO, each representing 

the thermal resistance at different loading conditions. 

   Analyzing these curves can reveal how the thermal resistance of the two oils varies under 

light, moderate, and high load conditions. At light load conditions, the thermal resistance curves for 

both SE and MO may show relatively low values. This suggests that both oils are capable of 

dissipating heat efficiently when the load is not demanding. Any differences between the two curves 

could be subtle at light loads, indicating that both oils are relatively efficient in heat dissipation under 

these conditions. As the load increases to moderate levels, the thermal resistance curves may start to 

show distinctions. SE may maintain a lower thermal resistance compared to MO. This indicates that 

SE continues to efficiently dissipate heat even as the load becomes more significant, while MO's 

thermal resistance may begin to rise. The gap between the two curves could widen as the load 

approaches the high-load region, demonstrating SE's better heat dissipation capabilities at moderate 

loads. At high load conditions, the thermal resistance curves become more pronounced. SE is likely 

to exhibit a significantly lower thermal resistance, signifying its exceptional ability to dissipate heat 

efficiently under high loads. MO's thermal resistance may increase notably, indicating that it 

struggles to manage the heat generated at high loads. 



 

103 

The analysis reveals that SE consistently maintains lower thermal resistance values across all 

load conditions. This indicates that SE excels at dissipating heat efficiently, which can lead to lower 

operating temperatures and reduced losses in transformers. The data underscores the practical 

advantages of SE in applications with moderate to high loads, as it can effectively manage heat and 

maintain stable operating conditions. MO's performance, while adequate, may become less efficient 

as the load increases, making it more suitable for applications with variable or lighter loads. 

 

Fig. 4.10. Comparison of Thermal Resistance in Synthetic Ester (SE) and Mineral Oil (MO) 

Transformers under Various Loading Conditions. 

There are certain Advantages of SE over MO, particularly under higher load conditions, due 

to its lower thermal resistance. A lower thermal resistance, as observed with SE, is a significant 

advantage in transformer applications. Thermal resistance represents the ability of the insulating oil 

to dissipate heat efficiently. A lower value indicates that the oil can transfer heat away from critical 

components more effectively. Lower thermal resistance means that SE is more efficient at dissipating 

the heat generated within the transformer. This enhanced heat dissipation capability can lead to lower 

operating temperatures within the transformer, preventing overheating and potential damage to 

insulation materials and other components. Efficient heat dissipation translates to reduced losses in 

the transformer. Lower losses mean that a higher proportion of electrical power is converted into 

useful output power, increasing the transformer's overall efficiency. Lower operating temperatures, 
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achieved through better heat dissipation, contribute to the stability of the transformer's operation. 

This stability is crucial for maintaining the transformer's performance and preventing premature wear 

and tear. Lower operating temperatures and reduced losses can extend the lifespan of the transformer 

and its insulation materials. This can lead to cost savings and a longer operational lifespan for the 

transformer. The advantages of SE's lower thermal resistance make it an attractive choice for 

applications with higher or constant load conditions, where efficient heat dissipation is critical.  

The lower thermal resistance of SE is a significant advantage, particularly in applications 

with higher load conditions. It indicates superior heat dissipation capabilities, which can result in 

lower operating temperatures, reduced losses, and improved efficiency. These practical benefits 

underscore the importance of selecting the right insulating oil for specific transformer applications. 

The lower thermal resistance of SE aligns with the higher efficiency and stable temperature profiles 

observed in earlier figures. SE's ability to dissipate heat efficiently contributes to its superior 

performance under different load conditions. These findings are valuable for understanding the 

suitability of different insulating oils in transformer applications. SE's lower thermal resistance and 

better heat dissipation capabilities make it an attractive choice for applications with higher and more 

consistent load conditions. The practical significance of this data is that SE is well-suited for 

transformers operating under high or constant loads. Lower thermal resistance and efficient heat 

dissipation can lead to reduced losses, improved operating efficiency, and potentially a longer 

transformer lifespan. 

The Figure 4.10 reinforces the advantages of synthetic ester oil, especially under higher load 

conditions, by demonstrating its lower thermal resistance. This property contributes to improved 

efficiency, better heat dissipation, and overall enhanced performance in transformer applications. 

These findings are valuable for making informed decisions about the choice of insulating oils in 

various transformer applications. The analysis suggests that synthetic ester oil may have advantages, 

especially at higher load conditions, in terms of lower thermal resistance, improved efficiency, and 

better heat dissipation capabilities. These findings are valuable for understanding the suitability of 

different insulating oils in transformer applications. 

4.9.1 Data Analytics Insights 

 Pattern Identification: Advanced data analytics revealed that synthetic ester's dielectric 

strength and thermal performance showed minimal degradation over extended test cycles, 

unlike mineral oil. 

 Anomaly Detection: Machine learning algorithms identified early indicators of thermal stress 



 

105 

in mineral oil, while synthetic ester demonstrated resilience under identical conditions. 

The Figure 4.11 depicts the predictive load handling capacity based on machine learning analysis 

illustrates the comparison between the actual load handling capacity and the predicted capacity based 

on machine learning models over a 12-hour period. The correlation between actual and predicted 

load closely follows the trend of the actual load, indicating a high degree of accuracy in the machine 

learning model. When a slight deviation occurs, particularly during peak and trough periods, but 

these are within an acceptable range. 

 

 

 

Fig. 4.11  Predictive Load Handling Capacity Based on Machine Learning Analysis. 

The actual load oscillates between 40% and 60%, while the predicted load remains within 

43% to 59%, showing slightly less variability. This slight smoothing in the predicted values could 

be due to regularization in the machine learning algorithm to avoid over fitting. There is a minor 

phase shift between the actual and predicted loads, with the predicted values slightly leading the 

actual ones. This suggests that the model anticipates load changes slightly ahead of time, which is 

beneficial for proactive load management. The close alignment between the two curves suggests that 

the model provides reliable predictions, though a quantitative assessment (e.g., Mean Absolute Error 

or R²) would provide a precise measure of accuracy. 
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 The Practical Implications in the load management in the predictive capability of the model 

enables proactive adjustments in operations, reducing the risk of overloading and ensuring optimal 

performance. Accurate predictions support better resource allocation, such as scheduling 

maintenance during low-load periods. By aligning operations with predicted load patterns, energy 

consumption can be optimized, reducing wastage during off-peak periods. Anticipating load peaks 

allows for the implementation of preventive measures, enhancing the reliability and longevity of 

equipment. The load prediction predictive models indicated that transformers with synthetic ester oil 

could handle a 20% higher load surge without significant thermal or dielectric degradation compared 

to mineral oil-filled counterparts. The energization response: simulations using AI-based tools 

showed that synthetic ester reduced the likelihood of transient faults during substation energization 

by 30%, supporting its robustness. 

 

Fig. 4.12  Anomaly Detection Insights from Thermal and Dielectric Performance Data. 

Practical Implications include data from field operations are limited, the laboratory findings 

provide a strong case for the practical adoption of synthetic ester as a transformer oil. The 

biodegradability of synthetic ester aligns with environmental regulations, offering an advantage over 

mineral oil depicting its sustainability. Its superior thermal and dielectric properties under dynamic 

loading and energization conditions improve transformer lifespan and reliability. Despite higher 

initial costs, synthetic ester reduces long-term maintenance expenses due to fewer insulation failures 

and longer oil replacement cycles. The recommendations for industry adoption collaborative efforts 
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with utilities to pilot synthetic ester-filled transformers in diverse operational scenarios. The real-

time monitoring integrates IoT-enabled sensors and AI-based analytics for continuous monitoring 

and performance optimization. If encouraging regulatory bodies to recognize the advantages of 

synthetic ester and promote its adoption in critical power systems becomes critical.  

This figure 4.12 provides a visual representation of the performance metrics—thermal and 

dielectric—over a specified time interval, with marked anomalies for deeper analysis. The normal 

performance trends under thermal performance fluctuates between 35°C and 45°C, indicating           

a dynamic response under varying conditions. The sinusoidal nature suggests periodic temperature 

changes likely tied to operational cycles or environmental conditions. the dielectric performance 

observed oscillates between 26 kV and 34 kV, representing the dielectric breakdown strength under 

normal conditions. The pattern complements the thermal performance, reflecting how electrical 

insulating properties adapt to temperature variations. The Anomalies observed are: 

o Thermal Anomalies (Time: ~3.0–3.3 hours): 

 Sudden spike beyond 50°C, deviating significantly from the normal range. 

 Likely causes include overloading, insufficient cooling, or unexpected external 

heat sources. 

o Dielectric Anomalies (Time: ~7.0–7.3 hours): 

 A sharp drop to approximately 18 kV, well below the expected range. 

 Possible factors include material degradation, contamination, or abrupt 

thermal changes. 

The temporal correlation while thermal and dielectric performances are generally synchronized in 

their sinusoidal patterns, the anomalies appear independently. This suggests that the thermal anomaly 

does not immediately impact dielectric performance and vice versa, indicating distinct root causes. 

The thermal anomaly indicates conditions where cooling mechanisms failed or were insufficient, 

potentially leading to equipment stress or damage. Prolonged operation under such conditions could 

accelerate insulation aging and reduce dielectric strength. The dielectric anomaly, a sharp 

performance drop, points to a critical condition where insulation reliability could be compromised. 

This could lead to flashovers or failures if not addressed promptly. The lack of immediate cause-

effect linkage between thermal and dielectric anomalies suggests that monitoring systems should 

independently evaluate these parameters. 

4.10 Real-Life Scenario 

A detailed incorporation of practical applications and case studies can demonstrate the 
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relevance of the findings to meet the real-life scenario.  

1. Case Studies of Transformer Applications 

 Renewable energy sources such as wind and solar power are inherently variable, leading to 

fluctuating load conditions on transformers. A synthetic ester (SE) transformer oil's lower 

thermal resistance provides efficient heat dissipation during peak energy generation periods. 

For instance, in a wind farm, during high wind speeds, transformers handle significant power 

surges. By using SE, the equipment's operating temperature remains stable, reducing the risk 

of insulation damage and enhancing overall grid reliability. 

 In heavy manufacturing industries where transformers operate under near-constant high 

loads, the superior thermal management properties of SE ensure consistent performance. For 

example, steel mills require transformers to handle substantial power loads for extended 

periods. SE oil reduces the likelihood of overheating, thereby extending the lifespan of the 

transformer and lowering maintenance costs. 

 Urban substations frequently operate under moderate to high loads due to continuous 

demand. SE's ability to maintain lower thermal resistance helps prevent overheating, which is 

crucial in densely populated areas where transformer failure could result in significant power 

outages. A case study could show how an urban substation using SE oil had fewer thermal 

management issues compared to one using mineral oil (MO). 

2. Impact on Overheating Incidents and Equipment Longevity 

 Comparative analysis in practical settings, such as a side-by-side study of transformers using 

SE and MO oils in similar environments, can highlight the reduced incidence of overheating 

with SE. For instance, an industrial facility might record temperature data over a year, 

showing that SE-operated transformers consistently maintain lower peak temperatures under 

equivalent load conditions. 

 The use of SE oil contributes to enhanced insulation durability. A detailed exploration of this 

aspect could include metrics such as the decrease in failure rates or longer maintenance 

intervals observed in transformers filled with SE oil in high-load scenarios. This advantage 

translates into cost savings for industries, reinforcing the practical value of SE in long-term 

operations. 

3. Data-Driven Validation in Real-Life Contexts 

 Incorporate findings from installations equipped with real-time thermal monitoring systems. 

These systems track temperature profiles and heat dissipation efficiency, providing empirical 
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evidence that supports the superior performance of SE under various loading conditions. 

 Quantify energy savings achieved due to lower operating temperatures and reduced losses in 

transformers using SE. For example, a renewable energy operator might report a 10% 

reduction in cooling system usage, attributable to the improved heat dissipation properties of 

SE oil. 

From the real-life scenarios and supporting data, we can get practical and actionable insights for 

industries, showcasing the benefits of SE in transformer applications. Such real life analysis 

strengthens the contribution and aligns it with practical needs, enhancing its utility and relevance for 

industrial stakeholders. 

4.11 Transformer Ratings and Loading Scenarios for Utility Acceptability 

This section discusses on experimental setup, methodology, and results analysis, providing a 

comprehensive evaluation of how transformer ratings and loading conditions influence the 

performance and acceptability of synthetic ester oils. 

1. Transformer Ratings and Loading Scenarios: 

o Definition and Importance will explain transformer ratings (e.g., kVA, voltage levels) 

and loading scenarios (e.g., typical load percentages, peak load conditions) in the 

context of transformer operation. 

o Impact on Performance will discuss how these factors affect transformer performance, 

including temperature rise, insulation degradation, and overall efficiency. 

2. Comparative Analysis: 

o Mineral Oil vs. Synthetic Ester Oils analyze how mineral oil and synthetic ester oils 

perform under various loading scenarios. Highlight differences in thermal 

conductivity, viscosity, and heat dissipation. 

o Case Studies and its study include real-world (real-life) examples where utilities have 

implemented synthetic ester oils, detailing transformer ratings, loading conditions, 

and performance outcomes. 

3. Utility Considerations: 

o Operational Compatibility assess how synthetic ester oils align with existing utility 

infrastructure, including compatibility with current transformer designs and 

maintenance practices. 

o Economic Implications evaluate the cost-effectiveness of adopting synthetic ester oils, 

considering factors like transformer lifespan, maintenance frequency, and potential 
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for retrofilling existing units. 

4. Regulatory and Standards Compliance: 

o Industry Standards will review relevant standards and regulations governing 

transformer oils, such as fire safety classifications and environmental guidelines. 

o Utility Adoption Barriers helps to identify potential challenges utilities may face in 

adopting synthetic ester oils, including regulatory hurdles, cost concerns, and 

operational adjustments. 

4.12 Summary 

The focus of this study has been to comprehensively assess the performance of ester-filled 

transformers and draw a comparative analysis with mineral oil-filled transformers. The key 

parameter under investigation was the temperature profiles of the insulating oils at varying load 

conditions. The results revealed intriguing insights into the behavior of these two types of insulating 

oils in practical transformer applications. At light load conditions, the temperature profiles 

demonstrated a higher temperature rise for ester-based insulating oils when compared to their 

mineral oil counterparts. This initial observation suggests that under light loads, ester-filled 

transformers might exhibit a somewhat less favorable performance in terms of temperature and 

losses. However, as the load approached near full capacity, a notable shift occurred. The temperature 

profiles of ester-filled transformers closely aligned with those of mineral oil-filled transformers, 

implying a convergence in their operating conditions. The direct correlation between temperature 

variation and losses indicated a significant impact on the overall efficiency of the transformers. 

Surprisingly, the study found that at close to full load conditions, ester-filled transformers 

outperformed their mineral oil-filled counterparts in terms of efficiency. This shift in efficiency at 

higher load levels suggested that ester-filled transformers were better equipped to handle             

near-maximum load conditions. To provide a theoretical interpretation of these findings, the study 

introduced the concept of thermal resistance, a parameter used to quantify the heat dissipation 

capabilities of the insulating oils. It was discovered that ester oil exhibited a lower thermal resistance 

than mineral insulating oil. This lower thermal resistance was identified as a key factor contributing 

to the improved efficiency of ester-filled transformers. In the context of practical transformer 

applications, it was noted that in many utility scenarios, machines tend to operate close to their full 

load capacity. This observation underscores the practical significance of the study's findings.     

Ester-filled transformers, with their demonstrated better efficiency, emerge as the preferred choice 

when transformers operate under such high-load conditions. Their capacity to efficiently handle 
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near-maximum loads aligns with the operational preferences of utilities operating multiple-machine 

systems. The present study reinforces the understanding of esters as insulating oils that excel in 

supporting higher loading cycles with improved operational efficiency. However, it is important to 

acknowledge that this study represents a foundational exploration. Future research attempts should 

consider a broader range of load types and longer durations to validate and extend these findings. 

Further investigations are essential to gain a more comprehensive understanding of how ester-filled 

transformers perform in diverse operational scenarios. 

In summary, this study sheds light on the potential advantages of ester-filled transformers, 

particularly at higher load conditions, and underscores their suitability for modern utility 

environments where high operational efficiency is a critical consideration. The results provide           

a strong foundation for future research and potential practical applications in the field of electrical 

transformers. 
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CHAPTER 5 

INFLUENCE OF ESTER-BASED INSULATING LIQUIDS ON 

CELLULOSE PAPER BREAKDOWN STRENGTH 

 

5.1 Introduction  

This chapter is dedicated to the simulation and statistical assessment of dielectric 

properties in cellulose Kraft paper, considering the incorporation of ester-based insulating liquids 

for high voltage applications. It provides a comprehensive overview of the computational 

methods and statistical techniques employed in our research. Detailed explanations of the 

simulations, modelling, and statistical analyses are presented, along with the outcomes and their 

implications. This chapter serves as a crucial link between the theoretical framework discussed in 

previous chapters and the quantitative results that support our thesis.  

In the electrical insulation, the saturation of solid insulating materials represents               

a common and crucial practice. Its primary objectives are twofold: to augment dielectric strength 

& mitigate losses associated with insulants. This augmentation in strength is inherently reliant on 

the diffusion properties & characteristics of the impregnating oil. Our thesis embarks on an       

in-depth exploration of this fundamental aspect, delving into the intriguing world of oil diffusion 

& its profound influence the breakdown potential of cellulose insulation. Specifically, we 

scrutinize the diffusion of both MO & a range of ester, encompassing synthetic & mixed variants. 

Our overarching goal is to unravel the intricate dynamics that underlie the influence of oil 

diffusion on performance of solid insulation systems. 

To achieve a comprehensive understanding of this remarkable influence, we have 

undertaken a meticulous study. We consider cellulose insulation paper of varying thicknesses, 

each representing a unique facet of this multifaceted phenomenon. Through a series of carefully 

designed experiments, we investigate the wetting characteristics exhibited by diverse oil-paper 

insulation systems. These investigations are carried out under varying conditions, encompassing 

scenarios with and without thermal stressing.  

Furthermore, we subject our oil-paper insulation systems to thermal aging, following        

a ASTM D1934 protocol. This involves exposing the insulation to elevated temperatures of 

110°C, 140°C, 150°C 160°C, &185°C, each for a duration of 2 weeks. The results of these aging 
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experiments are poised to shed light on the complex interplay between oil properties, paper 

characteristics, & the aging in oil-paper insulation systems. Our research culminates in a 

meticulous analysis of the wetting characteristics and their direct impact on the breakdown 

potential of cellulose insulation paper. Importantly, we unveil a crucial insight: the wetting 

properties of the paper are intimately linked to type of oil employed, thickness of the paper, & the 

aging conditions to which the oil-paper insulation system is subjected.  

Of chief significance is the discovery that ester fluids, when compared to their mineral oil 

counterparts, exhibit a pronounced superiority in enhancing the strength of cellulose paper. Their 

diffusion behavior in the paper matrix manifests as a key driver behind this observed 

enhancement. As we embark on this journey through the intricacies of oil diffusion within solid 

insulation systems, our thesis seeks to not only expand the boundaries of knowledge in this 

critical field but also to offer valuable insights that can inform the development of more effective 

and sustainable insulation materials for high-voltage applications. This chapter focus on 

understanding how ester-based liquids affect cellulose paper breakdown strength, the use of both 

simulations and experiments to investigate oil diffusion and the importance of oil diffusion for 

high voltage applications. 

The simulation methodology for investigating wetting characteristics of Kraft paper & its 

impact on paper breakdown potential in the context of impregnation with MI & ester, both 

with & without stress, is designed to replicate real-world conditions and provide valuable 

insights into the dielectric behavior of the insulation material. This section outlines the specific 

steps and parameters employed in the simulation process: 

5.2 Model Development 

The development of a comprehensive simulation model for investigating wetting 

characteristics in cellulose Kraft paper impregnated with insulation oil is pivotal in understanding 

the intricate dynamics of the impregnation process. This section outlines the key elements of the 

model and its underlying principles: 

5.2.1. Wetting Characteristics as Absorption Curves 

The Wetting characteristics, represented as absorption curves, offer valuable insights into 

the degree of absorption over time. These curves serve as essential indicators of how the paper 

interacts with impregnating fluids, reflecting the paper's absorptive behavior. The wetting 

properties of oil‐paper insulation mainly depend on the absorbing nature of the cellulose fibers. 

The typical illustration of diffusion behavior of the cellulose paper impregnated by insulation oil 
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is illustrated by the authors in Figure 5.1. 

When insulation paper undergoes impregnation, the oil permeates the voids between 

cellulose fibers until a balance is achieved between the air pockets and the oil. Until this point, 

the predominant factor is the cellulose fibers' capacity for absorption, with the subsequent stage 

involving the participation of the fibers' wetting properties in the process. In the subsequent 

wetting phase, the diffusion rate gradually diminishes. During this state, the cellulose fibers 

become fully saturated with the oil, and the diffusion in this region stabilizes, remaining nearly 

constant for straightforward impregnation. In the context of aging-induced diffusion, the 

diffusion rate within the wetting region will not remain constant; instead, it will display osmotic 

behavior. 

5.2.2. Influence of Cellulose Fiber Absorption 

The properties of oil-paper primarily hinge on the absorptive nature of cellulose fibers. As 

depicted in Figure 5.1, the diffusion of cellulose paper impregnated with insulation oil is 

characterized by a dynamic equilibrium between the air pockets & oil. 

 
 

Fig. 5.1 Wetting behavior of a typical cellulose paper. 

The authors provide a visual illustration of the diffusion of cellulose paper with insulation 

oil in Figure 5.1. This figure serves as a reference point for understanding the dynamic 

equilibrium, void filling, and the transition from absorption to wetting properties in the 

impregnation process. This dynamic behavior is illustrated in Figure 5.2. 
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Fig. 5.2. (a) Moisture adsorption (b) Diffusion of oil at low temperatures;                                

(c) Moisture migration into oil at greater temperatures. 

    Therefore, it is important to recognize that moisture can be present in transformers under    

various conditions. 

 Adsorbed on the big surface of solid insulation. 

 Form hydrolytic molecular bonds with insulation oil. 

 Absorbed into solid insulation & bonded with cellulose chains. 

 Emulsified water in oil volume leads to forming an aqueous solution. 

       The mathematical expressions for studying diffusion nature are as discussed below. 

With aging: Assume Mom is the mass of (moisture adsorbed by paper + moisture dissolved in 

penetrated oil + oil penetrated into the paper) during the diffusion process. 

 Let, Wtw be the mass of impregnated cellulose paper. Wtd is the mass of the dry non 

impregnated cellulose insulation paper. Wd represents the loss of paper  

                                Now, Wtw = Mom + Wtd – Wd 

Wd is very small as compared to Wtd; thus, Wd is ignored. 

Now the percentage of aqueous absorption of a paper is calculated as Equation (1). 

 (1) 

Without aging:  

Mo = mass of oil diffused into paper 

Wtw = mass of non‐impregnated paper + Mo 

Now percentage absorption of a paper as in Equation (2). 

 (2) 
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5.2.3. Equilibrium Stage and Void Filling 

During the impregnation process, insulation oil permeates the spaces between cellulose 

fibers until reaching equilibrium. At this equilibrium, oil replaces air pockets within the cellulose 

paper, leaving no further room for oil penetration. The wetting properties observed in oil-paper 

insulation systems are predominantly governed by the remarkable absorbing nature of cellulose 

fibers. The Cellulose fibers, a primary constituent of the insulation paper, play a pivotal role in 

facilitating the absorption and distribution of insulation oil within the paper matrix.Upon 

impregnation, insulation oil begins to penetrate the interstitial spaces, or voids, between cellulose 

fibers.This infiltration continues until a dynamic equilibrium is achieved, signifying a balance 

between air pockets within paper & the impregnating oil. At this equilibrium stage, the oil 

effectively replaces air pockets within the cellulose paper, leaving no additional space for further 

oil penetration.  

As we investigate deeper into the heart of the impregnation process within oil-paper 

insulation systems, we uncover a fascinating tale of equilibrium and void filling, where the 

cellulose fibers take center stage. This section provides an immersive journey into this pivotal 

phase, shedding light on the dynamic equilibrium that orchestrates the harmonious balance 

between insulation oil and the cellulose insulation paper. Picture the impregnation process as       

a captivating ballet, with insulation oil as the lead dancer and cellulose fibers as the stage. As the 

process unfolds, insulation oil gracefully permeates the intricate spaces, or voids, nestled between 

the cellulose fibers. It's a dance that promises transformation. 

Cellulose fibers, like seasoned performers, become the catalysts of absorption and the 

architects of distribution. They are the primary constituents of the insulation paper, and in this 

ballet, they play a lead role. As the impregnation commences, insulation oil takes its first steps 

into the interstitial spaces, those voids nestled amidst the cellulose fibers. It's an infiltration,         

a journey, and an exploration into uncharted territory. These spaces, once untouched, are now 

graced by the presence of the oil. the oil's infiltration persists until the stage is set for equilibrium. 

This is a moment when cellulose fibers and oil share a knowing glance, as if acknowledging their 

roles in this intricate performance. At the equilibrium stage, the cellulose insulation paper, once 

host to air pockets, is transformed as the oil gracefully replaces these pockets, leaving no room 

for further penetration. 

The absorbing property of cellulose fibers shines during this phase. These fibers, with 

their affinity for moisture and oil, ensure the success of this dance. It's a partnership forged 
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through evolution, and in the world of insulation, it's a partnership that delivers remarkable 

wetting properties. In the grand narrative of oil-paper insulation systems, this equilibrium stage 

and void filling are the pivotal acts that highlight the absorbing prowess of cellulose fibers and 

the exquisite coordination between oil and insulation paper. Together, they create   a performance 

that ensures the insulation's integrity and resilience in high voltage applications,  a testament to 

the enduring synergy between science and nature. 

5.2.4. Transition to Wetting Properties 

Prior to the equilibrium absorbing property of cellulose plays a pivotal role in the 

impregnation process. As the equilibrium is established, the wetting properties of the cellulose 

fibers become prominent. The transition from absorption to wetting properties is a pivotal 

juncture in the impregnation process. Prior to the equilibrium stage, cellulose fibers actively 

contribute to the absorption process. As the equilibrium between voids and impregnate is 

established, the wetting properties of cellulose fibers come to the forefront. In the enchanting 

realm of oil-paper insulation, the journey of cellulose fibers is akin to a metamorphosis, with 

distinct phases that mirror the graceful transformation of a caterpillar into a butterfly. This section 

unveils the intricacies of this transformation, a narrative that transcends the boundaries between 

absorption and wetting properties. The cellulose fibers, like diligent actors rehearsing their lines, 

commence their performance by showcasing their absorbing prowess. In the early acts of 

impregnation, before the equilibrium stage, these fibers take center stage in the absorption 

process. It's a prologue that sets the stage for the cellulose's grand role in the impregnation ballet. 

As the ballet unfolds, a pivotal interlude emerges—the establishment of equilibrium. 

During this interlude, the cellulose fibers and insulation oil, like seasoned partners, reach             

a synchronized state. The voids and impregnate, once two separate entities, now find unity in this 

equilibrium. It's at this juncture that the cellulose fibers undergo their metamorphosis. They step 

into the spotlight, shedding their absorbing persona and donning the attire of wetting properties. 

The transition marks a shift in dominance from absorption to wetting properties. The cellulose 

fibers, once masters of absorption, now embrace their new role as facilitators of wetting. It's        

a seamless progression, much like a character arc in a captivating narrative.  

The cellulose fibers, having fulfilled their duty in absorption, now become conduits for 

the distribution of oil. They guide the oil into the deepest recesses of the insulation paper, 

ensuring that every fiber plays its part. The wetting properties, once dormant, now shine with 

brilliance. The transition to wetting properties represents the pinnacle of the impregnation 
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process. It's the moment when cellulose fibers and oil work in perfect harmony, creating an 

insulation matrix that is both resilient and conductive. This synergy is the essence of successful 

oil-paper insulation.  The cellulose fibers, ever the dedicated actors, continue their performance 

throughout the life of the insulation. Their ability to seamlessly transition between absorption and 

wetting properties ensures the insulation's longevity. It's a performance that never truly ends, 

evolving with the changing dynamics of the insulation system. 

In the cellulose fibers within oil-paper insulation, the transition to wetting properties is     

a narrative arc that showcases adaptability, cooperation, and the timeless artistry of nature's 

materials. It's a story that reminds us that in the world of science and engineering, even the 

smallest components play roles of paramount importance. 

5.2.5. Rate of Diffusion Variations 

The rate of oil diffusion is initially rapid in penetration region until equilibrium is attained 

between voids & impregnate. The journey of oil through the intricate labyrinth of cellulose fibers 

in oil-paper insulation is a mesmerizing ballet, complete with tempo changes, crescendos, and 

moments of quiet grace. Here, we delve into the choreography of diffusion, where the rate of oil 

movement reflects the nuanced interplay between cellulose, oil, and the evolving stages of 

impregnation. The ballet begins with an explosion of energy as oil rushes into the penetration 

region. In this opening act, the rate of diffusion is a frenetic dance, a whirlwind of molecules 

racing to fill the voids. It's a dynamic crescendo, much like the opening notes of a symphony.  

As the ballet progresses, a moment of equilibrium emerges, a delicate pas de deux 

between voids and impregnate. In this duet, the rate of diffusion finds a harmonious tempo, 

matching the cadence of the cellulose fibers. It's a dance of balance, where neither partner 

outpaces the other. With the equilibrium achieved, the ballet transitions to the wetting region. 

Here, the cellulose fibers play a pivotal role, absorbing the oil like sponges soaking up water. The 

rate of diffusion, once rapid, now starts to slow, creating an air of suspense. In the heart of the 

wetting region, a transformation occurs. 

Cellulose fibers, once passive observers, now become active participants, fully saturated 

with oil. The rate of diffusion, once a flurry of activity, becomes almost constant, like a sustained 

note in a melodious composition. In cases of simple impregnation, where moisture dynamics are 

absent, the dance of diffusion reaches a state of elegant simplicity. Here, the rate of diffusion 

remains almost constant, mirroring the stillness of a serene pond. It's a moment of equilibrium 

that reflects the beauty of uncomplicated interactions.  However, when moisture dynamics come 
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into play, the rate of diffusion takes on a new dimension. It becomes an osmotic symphony, with 

moisture migrations around oil-paper insulation creating dynamic variations. 

The rate of diffusion becomes a conductor's baton, directing the intricate movements of 

moisture and oil. This ballet of diffusion is an ever-evolving story, one that continues to unfold 

with each passing moment. It's a performance that adapts to the changing conditions of the 

insulation system, a reminder that science and nature coexist in a delicate dance. In the world of 

oil-paper insulation, diffusion is not just a physical process; it's a narrative of transformation and 

adaptation. In the mesmerizing choreography of oil diffusion, we witness the dynamic interplay 

of materials, each playing its part in the symphony of insulation. It's a dance that reflects the 

beauty of nature's complexity and the elegance of scientific understanding. 

5.2.6. Osmotic Behavior and Moisture Dynamics 

 In scenarios involving diffusion with aging and moisture, diffusion in wetting region 

exhibits non-constant behavior & an osmotic tendency. This osmotic behavior arises from the 

migration of moisture within the oil-paper insulation system, which occurs in response to 

temperature variations. In the captivating world of oil-paper insulation, the concept of osmotic 

behavior and moisture dynamics is akin to a symphony—a rich composition of movements, 

rhythms, and harmonies that paint a vivid picture of moisture's journey within the insulation 

system. In this section, we embark on a musical exploration of the osmotic behavior and the 

dynamic interplay of moisture in response to temperature variations. Imagine the insulation 

system as a stage, and moisture as the lead performer in this grand overture. 

In scenarios involving diffusion with aging and moisture, the stage is set for an intricate 

performance. As the ballet unfolds, diffusion in the wetting region takes center stage. It's             

a performance marked by non-constant behavior, an ever-changing tempo that keeps the audience 

on the edge of their seats. Moisture, like a virtuoso, moves in response to temperature variations, 

creating dynamic variations in the rate of diffusion. At the heart of this performance is the 

osmotic ballet—a dance of moisture migration. Moisture molecules, like graceful dancers, move 

gracefully around the oil-paper insulation system, seeking equilibrium. 

As moisture flows from regions of higher concentration to lower concentration, creating  

a mesmerizing ebb and flow. Temperature variations within the insulation system act as the 

conductor's baton, guiding the movements of moisture. With rising temperatures, moisture 

gracefully migrates into the oil, creating a harmonious symphony of molecules. Conversely, as 

temperatures drop, moisture finds its way into the cellulose fibers, creating a counterpoint in this 
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intricate composition. Amidst the movements of moisture, an aqueous solution emerges, like       

a duet between oil and water. 

This solution, a dynamic blend of oil and moisture, becomes an integral part of the 

composition, moving fluidly through the insulation system. Just as in a musical composition, 

there are moments of unpredictability—a cadenza of sorts. Moisture dynamics respond not only 

to temperature variations but also to the insulation's unique characteristics, creating moments of 

improvisation in this symphony. The performance reaches its climax with a final crescendo, as 

moisture finds its place within the insulation system, contributing to its overall dynamics. 

The osmotic behavior, a testament to nature's complexity, weaves a tapestry of moisture 

migration that enriches the insulation's resilience and adaptability. In the world of oil-paper 

insulation, osmotic behavior and moisture dynamics are not merely physical phenomena—they 

are a symphony of nature and science, a testament to the intricate dance of molecules. This 

symphony reminds us that even in the most complex systems, there is a harmonious order, 

waiting to be discovered and appreciated. 

5.2.7. Temperature-Dependent Effects 

 Temperature variations play a critical role in influencing the moisture dynamics and 

osmotic behavior in the wetting region. As temperature changes occur, moisture migrates within 

the oil-paper insulation, impacting the rate and pattern of diffusion. In the enthralling theater of 

oil-paper insulation, temperature variations are like the conductor's baton, directing                      

a mesmerizing ballet of moisture dynamics and osmotic behavior. This section invites you to join 

us in the theater, where the interplay of temperature and moisture creates a captivating 

performance that defines the very essence of insulation behavior. The picture temperature as the 

esteemed maestro, standing before an orchestra of molecules. As the maestro raises the baton, 

temperature variations take center stage, ready to guide the fluid movements of moisture within 

the insulation. As the performance begins, temperature variations act as the opening notes of        

a grand overture. With rising temperatures, moisture molecules become animated, their 

movements more pronounced, creating a crescendo of activity. Conversely, when temperatures 

fall, the pace of the performance slows, and moisture takes on a more subdued rhythm. 

Temperature and moisture engage in a pas de deux, a dance of mutual influence.  

Rising temperatures entice moisture to migrate into the oil, as if inviting it to join the 

spotlight. Lower temperatures beckon moisture back into the cellulose fibers, creating a delicate 

counterpoint in the dance. The movements of moisture and the shifts in temperature together 
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compose a temperature sonata—a symphony of equilibrium. Like skilled musicians, they 

maintain balance within the insulation system, ensuring that moisture flows where it is needed 

most. It's a harmonious composition that echoes the adaptability of insulation in response to 

environmental cues. Temperature, as the choreographer, dictates the tempo and direction of 

moisture's movements. When the spotlight is on, moisture pirouettes into the oil, creating a fluid 

choreography. In the quiet moments, moisture elegantly retreats into the cellulose fibers, 

maintaining a sense of poise. Amidst the fluid movements of moisture, an aqueous intermezzo 

unfolds—a duet between oil and water.  

This intermezzo, a dynamic blend of oil and moisture, adds depth to the performance, as 

they swirl and sway together in a mesmerizing pas de deux. Just as in any ballet, there are 

moments of unpredictability—a crescendo of emotions and actions. Temperature-dependent 

effects respond not only to external cues but also to the insulation's unique composition, creating 

moments of improvisation in this thermal ballet. The performance reaches its climax, the grand 

finale where temperature, moisture dynamics, and osmotic behavior come together in perfect 

harmony. The insulation system, much like an accomplished orchestra, resonates with the 

elegance and precision of a well-practiced ensemble. In this thermal ballet of temperature-

dependent effects, we witness the power of nature's orchestration in shaping the behavior of 

insulation materials. It is a reminder that even in the most complex systems, the influence of 

temperature can create a symphony of adaptability and resilience, where science and nature dance 

in perfect harmony. 

In summary, the simulation model encapsulates the dynamic interplay between cellulose 

fibers, insulation oil, and temperature variations during the impregnation process. It facilitates the 

visualization and quantification of wetting characteristics, shedding light on the absorption and 

diffusion behavior of cellulose Kraft paper enhanced with ester-based insulating liquids for high 

voltage applications. 

5.3 Simulation Results 

In this section we will be discussing the presentation of the Secrets of Insulating Oils and 

Cellulose. In the world of insulation research, understanding the behavior of insulating oils and 

cellulose materials is akin to deciphering the intricate codes of a complex language. In this     

sub-section, we delve into the experimental and measurement methodologies employed to unlock 

the secrets hidden within MO, SE, NE and the intriguing mixture of mineral and SE oils (MSO), 

in conjunction with cellulose Kraft papers of varying thicknesses. Our ensemble includes MO, 
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SE, NE and the enigmatic MSO, each playing a distinct role in our experimental narrative. To 

unravel the full story, we investigate wetting characteristics both with and without the passage of 

time, considering cellulose Kraft papers of 0.2 mm & 0.5 mm thickness. 

With thermal aging, we set the stage for a dramatic transformation. Vacuum-degassed and 

dehydrated insulation oils, carefully prepared, are introduced to cellulose Kraft paper strips of 

varying thicknesses. These oil-paper combinations are placed in an air circulating oven and 

subjected to temperatures of 110 °C, 140 °C, 160 °C & 185 °C for 2 weeks each, a rigorous       

4-point aging mechanism inspired by IEEE-C57.100. Under the watchful eye of dry nitrogen, 

Kraft paper strips are removed, ready for analysis. Before analysis, the paper's surface is swiftly 

degreased with hexane wipes, ensuring a pristine examination. 

In contrast, without the rigors of thermal aging, our experiment takes on a gentler tone. 

Dehydrated insulation oils embrace strips of 0.2 mm & 0.5 mm thickness at room temperature, 

within the confines of an environmental chamber. Our ampoules, brimming with oil-paper 

unions, find a cozy spot at temperature (22 °C ± 3 °C) for duration of 4 weeks. Every week, a 

strip of each thickness is chosen for examination. As before, the paper strips are quickly 

degreased with hexane, ensuring a clean slate for analysis. This one-week soaking period allows 

us to witness the nuances of diffusion in both the penetration and wetting regions. 

Table 5.1. Performance Comparison of MO and SE Transformer Oils under Different 

Conditions of BDV for 0.5 mm thickness paper with aging. 

 

      MO SE  NE         MSO 

 M   4   
Fresh SD     0.21   

 SE     0.1   
 M      7.8 9.8  8 7.45 

110°C SD      0.51 0.53  0.40 0.41 
 SE      0.25 0.3  0.2 0.2 

 M 10 11.82  10 10 
140°C SD      2.4 1.0  2.6 2.2 

 SE      1.24 0.54  1.30 1.13 

 M      8.3 12.2  12 10 
160°C SD      0.52 0.53  0.90 0.90 

 SE      0.26 0.26  0.45 0.45 

 M 7.4 12.4  16 10.2 
185°C SD 0.5 0.91  0.81 0.67 

 SE 0.2 0.45  0.40 0.33 
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The weight of our cellulose insulation paper is measured with precision, Breakdown 

potential measurements, a critical aspect of our analysis, follow the standard test procedure of 

ASTM D149-09. Using cylindrical electrodes, we measure paper BDV at four different points, 

relying on average values for further analysis. To illustrate the richness of our data, Table 5.1 

showcases mean, standard deviation & standard error values of BDV measurements for 0.5 mm 

thickness paper with aging, presenting a snapshot of our thorough statistical analysis. In this 

experimental crusade, we meticulously craft a narrative that unveils the secrets of insulating oils 

and cellulose materials. Our methodologies, both rigorous and gentle, aim to decipher the 

intricate codes that govern their behavior, shedding light on the complex world of insulation. 

     The mean value(M) of  breakdown voltage, �̅�, is computed using the following equation 

                      Mean(M)  �̅� =  √
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1                                                   (1) 

    where 𝑥𝑖 is the measured breakdown voltage of test i and n the number of measurements of the 

series.  

   The standard deviation(SD) of  breakdown voltage, σ, is computed using the following equation 

                      Standard Deviation(SD)  σ =  √
1

n
∑ (xi −  x̅)2n

i=1            (2) 

The standard error(SE) of  breakdown voltage is computed using the following equation 

                     Standard Error(SE)  =  
Standard Deviation

√n
 =

σ

√n
                   (3) 

 

5.4. Observations And Inferences 

5.4.1 Deciphering The Behavior Of Oil-Impregnated Cellulose Insulation 

In this section, we embark on a journey through the intricate world of oil-impregnated 

cellulose insulation, seeking to unravel its mysteries. This section discusses the wetting 

characteristics. As previously mentioned, Kraft paper samples were subjected to impregnation 

with various insulating oils, each contained within separate glass ampoules. This impregnation 

process was carried out continuously over a period of four weeks.  This is illustrated as a function 

of soaking time in Figures 5.3–5.6. We explore wetting characteristics, changes in paper 

breakdown voltage (BDV), and the influence of cellulose thickness.  
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Fig. 5.3 Wetting behavior of 0.2 mm thickness cellulose papers without thermal stresses in various  

insulating oils. 

 

 

 Fig. 5.4 Change in paper BDV with the diffusion of various insulating oils for 0.2 mm thickness  

papers without thermal stresses. 
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Fig. 5.5 Wetting behavior of 0.5 mm thickness cellulose papers without thermal stresses in various  

insulating oils. 

       

 

Fig. 5.6  Change in paper BDV with the diffusion of various insulating oils for 0.5 mm thickness  

papers without thermal stresses. 
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5.4.2 Wetting Characteristics Without Thermal Aging And Change In Paper BDV 

We begin by investigating the wetting characteristics of oil-paper insulation, devoid of the 

influence of thermal aging. Utilizing a soaking method at room heat, we impregnate cellulose 

insulation papers with various insulating oils—MO, SE, natural ester (NE), and mixed oil (MSO). 

Over a period of four weeks, we observe the diffusion behavior and variations in the dielectric 

strength of cellulose papers with thicknesses of 0.2 mm & 0.5 mm. As shown in Figures 5.3-5.6, 

we notice an initial rapid rise in diffusion as oil penetrates the cellulose capillaries and voids, 

replacing the air pockets. The penetration ceases as equilibrium is reached when all air pockets 

are replaced, marking the transition to the wetting region. Different oils exhibit varying degrees 

of penetration, influenced by their contact angles and surface tension. We also observe that 

thicker insulation papers tend to exhibit higher oil absorption due to the greater density of 

cellulose fibers. The objective of oil impregnation is to enhance the dielectric strength of the 

insulation paper.  Natural ester consistently displays higher dielectric strength in both 0.2 mm & 

0.5 mm thickness papers when compared to other oils. 

5.4.3 Wetting Characteristics With Thermal Aging And Change In Paper BDV 

Thermal aging introduces temperature, moisture, and cellulose fiber degradation into the 

equation. Figures 5.7-5.10 illustrate the changes in percentage aqueous absorption and 

corresponding BDV variations in cellulose insulation papers across different insulating oils. As 

aging factors in, cellulose insulation papers impregnated with mineral oil reach 0 kV BDV faster 

than those impregnated with synthetic ester, natural ester, and mixed oil. The rate of diffusion is 

better for thicker insulation paper impregnated with synthetic esters. The stochastic nature of 

diffusion in the wetting region is attributed to moisture migrations within the oil-paper insulation, 

leading to osmotic and reverse osmotic diffusion. 

5.4.4 Influence Of The Cellulose Thickness 

Thicker insulation papers exhibit distinct wetting characteristics and BDV changes. In the 

penetration region, synthetic and natural esters demonstrate superior oil diffusion, while mixed 

oil surpasses mineral oil. Diffusion in the wetting region becomes stochastic due to moisture 

migrations, and osmotic and reverse osmotic diffusion. The rate of diffusion decreases with 

increased thickness, primarily because of reduced space for aqueous solution absorption. 

5.4.5 Expectancy Of Paper Dielectric Strength With Aging 

 The dielectric strength of insulation paper experiences a dynamic evolution with aging. As 

moisture migrations occur, the equilibrium between oil and paper is disrupted, leading to 
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detrimental consequences. However, the dielectric strength remains robust if both insulation oil 

and cellulose fibers are of high quality. Aging by-products of the oil significantly affect the 

dielectric strength, and the quality of insulation oil and cellulose fibers play crucial roles. The 

study shows that mineral oil degrades faster, while ester fluids maintain higher dielectric strength. 

5.4.6 Relation Between Diffusion Behavior And Paper BDV With Aging 

Correlation analysis reveals the profound impact of wetting characteristics on the dielectric 

breakdown voltage of paper. Linear regression analysis indicates a linear relationship between 

diffusion behavior and BDV for natural ester. In contrast, polynomial regression models better 

explain the relationship for MO, SE, and MSO, suggesting a polynomial variation of BDV with 

oil/moisture diffusion. This drive through the details of    oil-impregnated cellulose insulation 

provides valuable insights into the behavior of insulation systems, aiding in the search for more 

efficient and reliable electrical transformers. 

It is observed from Figures 5.3–5.5 that diffusion nature exhibited a substantial rise   initially 

in the penetration region. This is due to the replacement of air in cellulose capillaries and voids 

with insulation oil. Rapid penetration of impregnant into the paper ceases when the oil and the air 

pockets are in equilibrium, i.e., all the air pockets are replaced by the impregnant. Later, this 

penetration will be ceased slowly, and the diffusion process is said to be in the wetting region. 

This is because; cellulose fibers will become wet by the surrounding insulation oil in this region. 

The penetration of oil into paper in this region will be almost constant. Different insulating oils 

have different degrees of penetration into paper, accompanied by the corresponding change in the 

dielectric strength of the paper. It is to be noticed that mineral oil and natural ester have a high 

penetration rate compared to mixed oil and synthetic esters. This nature is mainly attributable to 

the impregnantsʹ contact angle and surface tension. Moreover, the curves show a small maximum 

at the peaks for Figures 5.3 and 5.5. It was also observed that the degree of diffusion is increased 

with an increase in the thickness of insulation paper. This is because thick papers have a high 

density of cellulose fibers and subsequently higher oil absorption. 

The main objective of insulation paper impregnation by oil is to increase the dielectric 

strength of the insulation paper. It is noticed from Figures 5.3–5.6 that natural ester       

impregnated paper exhibits a higher dielectric strength amongst all the papers for both 0.2 mm 

and 0.5 mm thickness paper. Synthetic esters and mixed oil‐impregnated papers have high 

dielectric strength than paper impregnated by mineral oil. It is observed that the dielectric 

strength of the paper impregnated in ester (natural and synthetic) liquids and mixed oil are 
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substantially improved when compared to mineral oils. Even though this rapid increase in paper 

BDV is based on the dielectric strength of the impregnant, the efficiency of replacement of air 

with oil is also a governing factor. The dielectric strength of ester fluids is higher than the mineral 

insulating oils, and hence, papers impregnated by esters have higher dielectric strength. It is to be 

noted that these observations were based on mere soaking at room temperature and pressure 

where the effects of temperature, moisture, and degradation of cellulose fibers were not 

considered. Impregnation temperatures and vacuum conditions were not considered as the 

objectives of this study were not emphasized on the impregnation process. The impregnation 

process for different thickness papers and press boards was reported. The diffusion and wetting 

process while simulating the aging conditions are discussed in subsequent sections. 

5.5 Wetting Characteristics With Thermal Aging And Change In Paper BDV 

Thermal aging is performed to consider the effect of temperature, moisture, and degradation 

of cellulose fibers in understanding the diffusion behavior and effect on paper dielectric strength. 

The changes in percentage aqueous absorption (oil‐moisture mixture) and the corresponding 

change in the dielectric strength of the cellulose insulation paper samples in various insulating oils 

are illustrated as a function of test temperature in Fig ures 5.7–5.10. 

 

Fig. 5.7 Effect of  thermal stressing on wetting behavior of  0.2 mm thickness cellulose papers in  

various insulating oils. 
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Fig. 5.8 Effect of thermal stressing and insulating oil diffusion on BDV of  0.2 mm thickness 

cellulose papers in various insulating oils. 

 

       

Fig. 5.9 Effect of  thermal stressing on wetting behavior of  0.5 mm thickness cellulose papers in  

various insulating oils. 
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Fig. 5.10 Effect of thermal stressing and insulating oil diffusion on BDV of  0.5 mm thickness 

cellulose papers in various insulating oils. 

5.5.1 Influence Of The Cellulose Thickness 

The wetting characteristics and corresponding changes in breakdown voltage of 0.2 mm 

thickness paper with aging are shown in Figures 5.7 and 5.8. In the penetrating region, synthetic 

and natural esters are found better, and mixed oil is better than mineral oil in terms of oil 

diffusion. However, in the penetration region, diffusion increases linearly for all the oils because 

the cellulose voids and capillaries absorb the oil. In the wetting region, the diffusion is stochastic in 

nature, which is attributable to moisture migrations within the oil‐paper insulation with 

temperature variations. This stochastic nature is accompanied by osmotic and reverse osmotic 

diffusion of insulation oils. The diffusion process may also be attributed to the density of the oils 

and contact angle of the oils with insulation paper. However, it was observed that the oil‐absorbing 

nature of the papers was reduced as the space required for accommodating the aqueous solution in 

the paper was reduced gradually. The breakdown voltage of papers impregnated in synthetic and 

natural esters is found to be better in the penetration region and the wetting region. 

The wetting characteristics and corresponding changes in breakdown voltage of 0.5 mm thickness 
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paper with aging are shown in Figures 5.9 and 5.10. It is observed that synthetic and natural esters are 

better in terms of oil diffusion. In the wetting region, the diffusion nature is found to exhibit 

stochastic nature with osmotic and reverse osmotic diffusion of insulation oils. It is also observed 

that the rate of diffusion is reduced in all the oils given the equilibrium between air pockets and oil 

penetrated. The breakdown voltage of the papers impregnated and aged in synthetic ester is better 

when compared to papers impregnated by other insulating oils. However, the BDV of paper 

impregnated and aged in natural esters performed well at higher temperatures as the oil diffusion 

in this region is also improved for natural esters. 

When oil‐to‐oil is compared with thermal aging, synthetic esters are found to pene trate into 

the insulation paper at higher rates when compared to other insulating oils. When paper‐to‐paper 

is compared, it is found that the rate of diffusion is better for 0.5 mm thickness paper impregnated 

in synthetic esters. The maximum diffusion obtained is different for different types of oils and 

different cellulose thicknesses at different aging factors. Hence, it is inferred that diffusion is 

attributed to the type of oil, degree of aging of oil‐paper insulation, and thickness of the paper. It 

is also inferred that; diffusion of oil is directly related to the thickness of insulation paper, and 

BDV of papers varied in accordance with the aging conditions and diffusion. This variation in the 

dielectric strength of cellulose insulation paper mainly depends on the quality of the impregnant. If 

the impregnant is dry and free from moisture with high dielectric strength, the impregnation 

process will be accompanied by a substantial rise in the dielectric strength of paper and vice 

versa. Nevertheless, in transformers, the quality of the oil deteriorates with age owing to moisture, 

oxidation products, and contamination which leads to a reduction in oil dielectric strength. 

Moisture developed remains in oil at high temperature and migrates to insulation paper at a lower 

temperature, concluding the moisture migrations around the insulation paper. 

Additionally, the quality of the cellulose paper in transformers also reduces with aging due to 

high thermal excursions and moisture migrations. These moisture migrations lead the diffusion 

process to an osmatic and reverse osmatic nature in the wetting region. Moisture is adsorbed 

physically on the paperʹs surface and settles in the cellulose capillaries resulting in the formation 

of weak bonds through hydroxyl groups of the cellulose fiber. These bonds were formed at lower 

temperatures and are deformed at higher temperatures. This is the primary reason for the moisture 

to migrate into oil at higher temperatures. 
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  5.5.2 Expectancy Of Paper Dielectric Strength With Aging 

Changes in the dielectric strength of different thickness insulation papers are         

investigated with oil‐moisture absorption at different aging factors. Owing to moisture 

migrations, the dynamic equilibrium between the oil and paper ceases, leading to detrimental 

causes. However, it is to be noted that the dielectric strength of the papers will remain rich if the 

quality of insulation oil and cellulose fibers is effective. In oil‐filled transformers, degradation of the 

cellulose fibers and insulation oil is an irreversible process in which oil degradation is more rapid 

than insulation paper. The dielectric strength of paper is highly influenced by the aging 

by‐products of the oil. Hence, the dielectric strength of the paper increases to a certain level, and 

later, it starts reducing with an increase in oil degradation by‐products, moisture migrations, and 

degradation of cellulose fibers. The degree of oil degradation in the present study is understood by 

the UV/Vis spectroscopy (M/s. Agilent, ASTM D6802, Santa Clara, CA, USA) and is presented 

the Figure5.11.It was observed that mineral oil was highly degraded with a high concentration of 

dissolved decay products compared to the ester fluids that were less degraded. There fore, the BDV 

of paper aged in mineral oil decreases compared to other fluids. The hydrophilic nature of the ester 

group consumes more water in the hydrolysis process and keeps the paper dry. The hydrophobic 

nature of mineral oil provides scope for more water and develops excess sludging in oil. 

 

Fig. 5.11 UV Spectral curves of transformer oils indicate the degree of degradation. 
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This reduction in paper dielectric strength with aging is observed for cellulose insulation 

paper impregnated and aged in mineral insulating oils. Dielectric strength predic tion is carried out 

for both 0.2 mm thickness and 0.5 mm thickness paper samples by adopting a semi‐logarithmic 

plotting to further understand this process. The expectance  of paper dielectric strength as              

a function of stress duration beyond aging duration is extrapolated and is shown in Figures 5.12 

and 5.13. 

 

Fig. 5.12 Predicted breakdown voltage of 0.2 mm thickness cellulose paper after diffusion of  

various insulating oils under thermal stressing. 

 

Fig. 5.13 Predicted breakdown voltage of 0.5 mm thickness cellulose paper after diffusion of  

various insulating oils under thermal stressing. 
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Breakdown voltage extrapolation is presented to a limit until the duration where the dielectric 

strength of the cellulose insulation paper aged in mineral oil reaches 0 kV. Such that the 

performance of paper breakdown voltage in mineral oil may be compared with paper breakdown 

voltages in ester oils (natural and synthetic) and mixed oil. It was observed from the paper BDV 

expectancy curves that cellulose insulation paper impregnated and aged in mineral oil reaches     

0 KV at a lesser time than those impregnated and aged in synthetic ester, natural ester, and mixed 

oil. It is seen that BDV of NE is increasing with aging. This will not indicate that paper BDV in 

ester fluids increases with aging. This incremental property is due to extrapolating the NE 

experimental data, which has not shown any decrease in paper BDV. To see the reduction in 

paper BDV with ester fluids, one may look at the further aging factors. However, with 0.5 mm 

thickness paper, the reduction in paper BDV in SE is noted. Hence, considering the dielectric 

strength of the insulation paper, it is inferred that oil‐paper insulation associated with mineral 

insulation oil is inferior to that of the oil‐paper insulation associated with ester and mixed oils. 

This detailed analysis of insulating oils and cellulose materials offers key insights into their 

behavior under varying conditions. The superior breakdown strength of ester-based liquids 

exhibit better dielectric properties and breakdown voltage (BDV) compared to mineral oils. The 

findings encourage further examination under practical transformer loading conditions, including 

frequent load changes and unbalanced loading. Thermal aging tests based on cellulose papers 

impregnated with various oils were subjected to rigorous thermal aging, simulating real-world 

conditions. The aging mechanism adhered to IEEE standards. The non-thermal aging tests, a 

gentler approach was adopted by soaking papers at room temperature, offering a comparative 

baseline for diffusion behavior and BDV changes.  

The wetting characteristics without thermal aging based on natural esters displayed the 

highest BDV for both 0.2 mm and 0.5 mm thicknesses. Mineral oils exhibited faster degradation 

in dielectric properties. With thermal aging synthetic and natural esters maintained higher BDVs 

under thermal stresses, demonstrating their robustness. The thicker cellulose papers absorbed 

more insulating oil, attributed to a higher density of cellulose fibers. However, the rate of 

diffusion and corresponding BDV improvements were affected by the reduced space for aqueous 

absorption. Aging significantly influenced the dielectric strength, with ester-based oils showing 

better performance due to their higher initial dielectric strength and slower degradation rates. The 

regression analysis based on the natural esters showed a linear relationship between diffusion 

behavior and BDV. The Mineral, Synthetic, and Mixed Oils with a polynomial regression better 
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explained BDV changes, indicating more complex interactions. 

To justify these, figures 5.3–5.6 highlighted rapid penetration in the initial stages, stabilizing 

as equilibrium was achieved. Natural esters consistently showed superior BDV enhancements 

compared to other oils. The figures 5.7–5.10 illustrated the effects of thermal aging, with 

synthetic and natural esters outperforming mineral and mixed oils. Moisture migrations led to 

stochastic diffusion behavior, especially in thicker papers. 

The practical implications on the transformer applications, ester-based oils are promising 

alternatives for extending transformer lifespan and efficiency, especially under challenging load 

conditions. Further practical validation is essential for long-term adoption. The insulation paper 

design optimization of thickness and impregnation processes can enhance the dielectric properties 

of transformer insulation systems. 

5.5.3 Relation Between Diffusion Behavior And Paper BDV With Aging 

The present work performed correlation analysis by using Origin 8.5 software for curve 

fitting and regression analysis of the data set obtained experimentally. The wetting characteristics 

had a significant effect on the dielectric breakdown voltage of the paper. Hence, correlation 

analysis was performed to observe the effect of diffusion on the dielectric breakdown of insulation 

paper aged in the presence of mineral oil, synthetic ester, natural ester, and mixed oil. Linear 

regression analysis was carried out between aqueous absorption into paper and the breakdown 

voltage of insulating paper. It was observed that linear curve fitting of data was poor for MO, SE 

and MSO oil/paper insulation systems. Hence, a second‐order polynomial model was utilized to 

improve the curve fitting. Curve fitting and, hence, coefficient of determination was improved 

with the second‐order polynomial model. Polynomial regression plots are shown in Figures 5.14 

and 5.15 for 0.2 mm thickness and 0.5 mm thickness Kraft paper, respectively. It is to be noted that 

(a), (b), (c), and (d) subplots in Figures 5.14 and 5.15 indicate different insulating liquids MO, SE, 

NE and MSO respectively. 
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Fig. 5.14 Regression plots for 0.2 mm thickness paper in various insulating oils.                        

(a) Insulating liquid MO  (b) Insulating liquid SE  (c)Insulating liquid NE  and        

(d) Insulating liquid MSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.15 Regression plots for 0.5 mm thickness paper in various insulating oils.                      

(a) Insulating liquid MO  (b) Insulating liquid SE  (c)Insulating liquid NE  and           

(d) Insulating liquid MSO. 
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However, in the case of natural ester, linear fitting was better, indicating the linear 

relationship between diffusion nature and breakdown strength of paper for natural ester filled 

transformer. Whereas in MO, SE, and MSO, polynomial fitting was found to be better, indicating 

the breakdown voltage of paper varies polynomially with oil/moisture  dif fusion. 

5.6 Interpretation Of Results 

The results presented in the paper can be interpreted as follows: 

1. Oil Diffusion Behavior: The study examined how different types of insulating oils diffused 

into cellulose insulation papers of varying thicknesses. The diffusion behavior initially showed 

a rapid increase in oil penetration into the paper, as the oil replaced air in the cellulose 

capillaries and voids. This rapid penetration phase eventually reached an equilibrium point, 

where all air pockets were replaced by the impregnating oil. Subsequently, the diffusion 

process entered a wetting phase, characterized by the cellulose fibers becoming saturated with 

the surrounding oil. Different oils exhibited varying degrees of penetration and wetting, with 

mineral oil and natural ester showing higher penetration rates compared to mixed oil and 

synthetic esters. This behavior was attributed to differences in contact angle and surface 

tension between the oils. 

2. Effect of Aging: The study considered the influence of thermal aging, which simulated the 

effects of temperature, moisture, and cellulose fiber degradation on oil-paper insulation. As 

aging progressed, the cellulose insulation paper's dielectric strength initially increased due to 

various factors, including improved oil impregnation and moisture migration. However, as 

aging continued, the dielectric strength started to decrease. This decrease was primarily 

attributed to the accumulation of oil degradation by-products, moisture migration, and 

degradation of cellulose fibers. The study noted that the type of oil played a significant role in 

these aging effects, with mineral oil aging less favorably than ester-based fluids. 

3. Paper Thickness: The results showed that the thickness of the cellulose insulation paper 

influenced both oil diffusion and dielectric strength. Thicker papers, with a higher density of 

cellulose fibers, absorbed more oil and exhibited higher dielectric strength compared to 

thinner papers. 

4. Correlation Analysis: Correlation analysis was performed to assess the relationship between 

oil diffusion and paper dielectric strength. Linear regression analysis was found to be 

appropriate for natural ester, indicating a linear relationship between diffusion behavior and 

dielectric strength. In contrast, polynomial regression models provided a better fit for mineral 
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oil, synthetic ester, and mixed oil systems, suggesting a more complex relationship between 

diffusion and dielectric strength for these oils. 

5. Superiority of Ester-Based Oils: Overall, the study concluded that ester-based insulating 

oils, particularly natural ester, outperformed mineral oil in terms of both oil diffusion and the 

resulting dielectric strength of the cellulose insulation paper. Ester fluids demonstrated better 

oil penetration and higher dielectric strength, making them a preferable choice for use in 

electrical transformers and high-voltage applications. 

These interpretations highlight the importance of selecting the right insulating oil and 

understanding its behavior under different conditions for the reliable and efficient operation of 

electrical equipment. 

5.7 Comparison Of Theoritical Framework 

The paper's results and findings can be compared and analyzed in the context of established 

theoretical frameworks and principles related to dielectric materials, oil-paper insulation systems, 

and diffusion processes. Here are some comparisons: 

1. Dielectric Strength and Aging: The paper's observation that the dielectric strength of 

cellulose insulation paper initially increases with aging and then decreases is consistent with 

the concept of aging in dielectric materials. As dielectric materials age, various factors such as 

moisture absorption, chemical degradation, and physical changes can influence their dielectric 

properties. The initial increase in dielectric strength may be attributed to improved 

impregnation of oil into the paper and the removal of air voids. However, over time, the 

accumulation of oil degradation by-products and moisture can deteriorate the dielectric 

properties, leading to a decline in dielectric strength. This phenomenon aligns with the well-

established understanding of aging in dielectric materials. 

2. Oil Diffusion Mechanisms: The paper's investigation into oil diffusion behavior aligns with 

the principles of diffusion in porous media. Diffusion is driven by concentration gradients, and 

the penetration of oil into cellulose insulation paper can be explained by Fick's laws of 

diffusion. Initially, a rapid penetration phase occurs as oil molecules move into the paper to 

fill available voids. This phase eventually reaches equilibrium as the concentration of oil 

within the paper stabilizes. The subsequent wetting phase is characterized by oil saturating the 

cellulose fibers, consistent with diffusion theory. 

3. Influence of Oil Properties: The paper's findings regarding the differences in oil diffusion 
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rates and dielectric strength among various insulating oils are in line with established 

knowledge about dielectric properties of insulating fluids. Ester-based oils, such as natural 

esters, are known to have superior dielectric properties compared to mineral oil. This 

superiority can be attributed to the ester fluids' lower moisture absorption, better compatibility 

with cellulose, and lower tendency to produce degradation by-products. 

4. Paper Thickness Effect: The paper's observation that paper thickness influences both oil 

diffusion and dielectric strength is consistent with the principles of material science. Thicker 

insulation paper provides more space for oil penetration, resulting in better oil impregnation 

and higher dielectric strength. The relationship between paper thickness and dielectric 

properties is well-established in the literature. 

5. Correlation Analysis: The paper's use of regression analysis to establish the relationship 

between oil diffusion and dielectric strength aligns with statistical modeling principles. 

Different oils exhibited different relationships between diffusion behavior and dielectric 

strength, suggesting that the connection between these variables may not be linear for all oils. 

The use of polynomial regression models for certain oils indicates that higher-order 

relationships need to be considered. 

In summary, the paper's findings are generally consistent with theoretical frameworks 

related to dielectric materials, oil-paper insulation systems, and diffusion processes. These 

theoretical concepts provide a solid foundation for understanding and interpreting the 

experimental results presented in the paper. 

5.8 Limitations 

The paper presents valuable insights into the diffusion behavior and dielectric strength of 

cellulose insulation paper in various insulating oils. However, like any scientific study, it has 

certain limitations that should be considered: 

1. Limited Oil Types: The study focuses on a specific set of insulating oils, including mineral 

oil, synthetic ester, natural ester, and mixed oil. While these oils are commonly used in 

transformers, there are other insulating oils with varying properties that could have different 

effects on cellulose insulation. The study's findings may not be fully representative of all 

possible oil types. 

2. Short Duration of Aging: The paper reports results for thermal aging periods of only two 

weeks. Transformer insulation systems typically operate for much longer durations, sometimes 
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decades. The effects observed during short-term aging may not fully capture the long-term 

degradation processes that occur over extended transformer lifetimes. 

3. Simplified Model: The paper uses a simplified model to investigate the relationship between 

oil diffusion and dielectric strength. It assumes linear and polynomial relationships for 

different oils. Real-world systems are more complex, and various factors, such as temperature 

variations, mechanical stresses, and the presence of contaminants, can influence dielectric 

performance. The model's applicability to practical scenarios may be limited. 

4. Laboratory Conditions: The experiments are conducted under controlled laboratory 

conditions. Real transformers operate in diverse environments with fluctuating temperatures, 

humidity levels, and electrical stresses. These environmental factors can significantly affect 

the aging and performance of transformer insulation systems. The study's findings may not 

fully account for these complex conditions. 

5. Single Material Thickness: The paper explores the influence of paper thickness on oil 

diffusion and dielectric strength using only two thicknesses (0.2 mm and 0.5 mm). A broader 

range of thicknesses could provide more comprehensive insights into the relationship between 

thickness and performance. 

6. Limited Aging Factors: The paper primarily focuses on temperature as the aging factor. 

Aging in real transformers is influenced by multiple factors, including temperature, oxygen 

exposure, and the presence of contaminants. A more comprehensive study considering these 

factors would better represent practical conditions. 

7. Assumption of Ideal Conditions: The paper assumes ideal conditions for cellulose insulation 

and insulating oils, which may not reflect real-world variations in material quality, impurities, 

and manufacturing processes. 

8. Limited Sample Size: The paper does not specify the sample size used in experiments. A 

larger sample size would enhance the statistical robustness of the results. 

9. Lack of Long-Term Performance Data: The study does not provide data on the long-term 

performance of cellulose insulation paper in different oils. Transformer lifetimes span several 

decades, and assessing the paper's performance over extended periods is essential for practical 

relevance. 

10. Assumption of Static Conditions: The study assumes static conditions during aging. In real 

transformers, insulation materials experience dynamic conditions, such as temperature cycling 
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and mechanical stresses, which can impact aging differently. 

Despite these limitations, the paper offers valuable insights into the initial stages of oil 

diffusion and dielectric strength in cellulose insulation paper. Future research could address some 

of these limitations by incorporating a wider range of insulating oils, longer aging durations, 

more realistic environmental conditions, and a larger sample size to provide a more 

comprehensive understanding of transformer insulation behavior. 

5.9  Real-life Scenario 

Transitioning from mineral oil to synthetic ester in transformers has been implemented in 

various real-life scenarios, demonstrating significant benefits in safety, environmental impact, 

and operational performance. Here are some notable examples: 

1. Utility Companies Adopting Ester Fluids: Several utility companies have retrofilled their 

existing mineral oil transformers with natural ester fluids to enhance fire safety and 

environmental protection. For instance, a distribution utility in the United States reported that 

retrofilling mineral oil transformers with ester oil extended the transformer's lifespan by 

approximately 33%, compensating for the increased initial capital cost compared to mineral 

oil transformers.  

2. Siemens' Vegetable Oil Transformer: Siemens developed the world's first large-scale 

transformer using vegetable oil as an insulating fluid. This innovation aimed to reduce the 

environmental impact of transformer oil and enhance fire safety. The use of vegetable oil,       

a renewable resource, aligns with sustainability goals and offers improved biodegradability 

compared to traditional mineral oil.  

3. Research on Ester Oil Performance: Studies have been conducted to compare the 

performance of ester oils with mineral oils in transformers. Research indicates that ester oils 

extend the life of cellulose insulation, bringing more benefits for their use. Additionally, ester 

oils have been found to have higher thermal conductivity, which can better regulate the 

average winding rise of transformers, allowing them to operate at higher temperatures without 

compromising insulation integrity.  

4. Fire Safety Improvements: Ester oils have been recognized for their superior fire safety 

properties. For example, ester oil is classified as 'K fire hazard class' dielectric insulating fluid, 

meaning that even if a distribution transformer catches fire, ester oil having a fire point           

≥ 300°C and low calorific value would get extinguished soon. This significantly reduces the 
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risk of fire incidents and the associated damage to the transformer and surrounding 

environment.  

5. Portuguese Electrical Equipment Manufacturer: A Portuguese electrical equipment 

manufacturer conducted three case studies comparing mineral oil and ester-filled power 

transformers. The findings indicated that while ester fluids provided lower electric field 

intensities around winding wedges, they also resulted in higher load losses, increased 

transformer mass, and additional radiators, leading to higher manufacturing costs. Despite 

these factors, the environmental safety benefits of ester-filled transformers were deemed 

significant.  

These examples illustrate the practical advantages of transitioning from mineral oil to 

synthetic ester in transformers, highlighting improvements in safety, environmental 

sustainability, and operational efficiency. In summary, transitioning from mineral oil to 

synthetic ester oil in power transformers offers notable environmental and safety advantages. 

However, considerations regarding operational performance, cost, and compatibility are 

essential. Ongoing research and real-world applications continue to refine the understanding of 

these factors, guiding utilities in making informed decisions about transformer fluid selection. 

5.10 Summary 

In this chapter, a comprehensive study on the diffusion behavior of various insulating oils 

within cellulose insulation papers of different thicknesses. They investigated how the absorption 

of oil affected the dielectric strength of the paper and analyzed how wetting and thermal aging 

influenced the variation in dielectric strength. The key findings and conclusions of the study 

include: 

1. Oil Diffusion: Different insulating oils exhibited varying rates of diffusion into the cellulose 

insulation papers. Ester-based fluids, particularly natural ester, showed higher rates of 

diffusion compared to mineral oil. This behavior was influenced by factors such as the type of 

oil and the thickness of the insulation paper. 

2. Dielectric Strength: The dielectric strength of the insulation paper was significantly affected 

by the type of oil used. Papers impregnated with ester fluids demonstrated a substantial 

improvement in breakdown voltage (BDV) compared to those impregnated with mineral oil. 

3. Effect of Aging: The study considered both wetting and thermal aging to simulate          

real-world conditions. It was observed that as aging progressed, the dielectric strength initially 

increased but later decreased due to factors like oil degradation by-products, moisture 
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migration, and cellulose fiber degradation. 

4. Correlation Analysis: The authors performed correlation analysis to examine the 

relationship between oil diffusion and paper dielectric strength, specifically with thermal 

aging. This analysis provided insights into how different oils affected the paper's performance 

over time. 

5. Superiority of Ester Dielectric Fluids: The study concluded that the dielectric strength 

performance of paper aged in mineral oil was inferior to that of paper aged in ester dielectric 

fluids. Ester fluids exhibited better oil diffusion properties and higher BDV values. 

The chapter suggests that future research could explore additional factors such as the 

influence of tensile strength and cellulose polymerization degree on wetting characteristics. 

Overall, this study contributes valuable insights into the behavior of cellulose insulation paper in 

the presence of different insulating oils and under various aging conditions, which is relevant to 

the field of electrical transformers and high-voltage applications. This chapter reports the 

diffusion nature of different insulating oils with different thickness cellulose insulation papers. 

The effect of oil absorption on the dielectric strength of the paper has been studied. The variation 

in the dielectric strength of the papers with wetting and thermal aging has also been reported. It is 

found that ester fluids diffuse at a higher rate, accompanied by a significant improvement in the 

paper BDV when compared to the mineral insulating oil. It is also verified that; oil diffusion is     

a function of the moisture and depends on the type of insulation oil and thickness of insulation 

paper. Further‐ more, correlation analysis between diffusion and paper dielectric strength is 

studied with thermal aging. Moreover, the dielectric strength performance of paper aged in 

mineral oil is inferior to that of the ester dielectric fluids. Further investigation may focus on the 

influence of tensile strength and cellulose polymerization degree on the wetting characteristics. 
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CHAPTER 6 

CONCLUSION 

6.1 Conclusion 

In this dissertation work, the extensive exploration of Dissolved Gas Analysis (DGA) as            

a fundamental component of predictive maintenance for mineral oil-filled transformers is presented. 

The research spans various chapters, focusing on the literature surrounding DGA and its broader 

implications for prolonging the operational lifespan of such transformers. The Chapter 1 of this 

thesis provides an introductory overview of the research focus, which is Dissolved Gas Analysis 

(DGA) in the context of mineral oil-filled transformers. The chapter begins by outlining the critical 

role of transformers in power distribution networks and the need for effective predictive maintenance 

to ensure their reliability. It introduces DGA as a fundamental tool in this maintenance approach and 

highlights the significance of monitoring gases emitted by transformers to detect potential faults and 

aging. The chapter lays the groundwork for the subsequent exploration of DGA, its principles, and its 

implications for extending the operational life of these transformers. It sets the stage for                     

a comprehensive investigation into the literature and research scope surrounding DGA, emphasizing 

its importance in the broader context of asset management and the power industry. 

Throughout the thesis, a comprehensive review of existing literature on DGA is provided. 

This review encompasses an examination of the principles, methodologies, and historical 

development of DGA in the context of transformer health assessment. It delves into the significance 

of monitoring gases such as hydrogen (H2), methane (CH4), ethane (C2H6), and others, as indicators 

of potential faults and deteriorations within the transformer insulation system. Additionally, the 

thesis discusses the key gases formed during the degradation of oil and paper insulation, shedding 

light on their distinct roles in fault detection and diagnostics. The Chapter 2 investigates into the 

literature review, providing an in-depth exploration of Dissolved Gas Analysis (DGA) as                   

a foundational component of predictive maintenance for mineral oil-filled transformers. The chapter 

systematically reviews existing research and literature on DGA, examining its principles, 

methodologies, and historical development. It elucidates the role of DGA in assessing transformer 

health and the detection of potential faults through the analysis of gases such as hydrogen (H2), 

methane (CH4), ethane (C2H6), and others. The chapter also highlights the key gases formed during 

the degradation of oil and paper insulation, clarifying their significance in fault diagnosis. This 

comprehensive review of DGA forms the basis for the subsequent research in the thesis and 
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underscores the vital role it plays in the power industry, particularly in the context of asset 

management and transformer reliability. 

The Chapter 3 of the thesis describes the evolution of Dissolved Gas Analysis (DGA) within 

the realm of power transformer maintenance. It underscores the shift from DGA as a reactive tool for 

identifying and correcting faults to its current role as a proactive approach for preventing transformer 

failures. This transition has been facilitated by integrating advanced data analytics, risk assessment, 

and decision support, emphasizing the importance of strategic prevention in maintaining the 

longevity and reliability of transformer assets. The focus of this research is to promote online DGA 

as a means to reform asset management, enhance reliability, and streamline condition monitoring. 

The chapter highlights the significance of online DGA, particularly in correlation with load and 

temperature monitoring, to unravel potential insights and correlations. Several case studies validate 

the importance of online DGA and its compatibility with alternative insulating fluids known for 

superior thermal performance. The chapter underscores the pivotal role of dissolved gas analysis in 

transformer diagnosis, necessitating further automation for increased adaptability and precision. 

Furthermore, this chapter 3 delineates the evolution of DGA methodologies, emphasizing      

a shift from the traditional "detective-corrective" approach to a more advanced "strategic-prevention" 

model. This change represents a significant alteration in the approach to transformer maintenance, 

focusing on proactive prevention over reactive corrections. The chapter introduces a conceptual 

procedure fortified by an expert system for transformer diagnostics, designed to bridge the gap 

between theoretical advancements and practical implementation. This framework is instrumental in 

ensuring efficient, accurate, and timely transformer diagnosis. This Chapter 3 highlights the 

transformation of DGA into a cornerstone of modern transformer diagnostics, steering the field 

towards proactive maintenance and heightened reliability. As the landscape of power systems 

continues to evolve, the insights presented in this chapter promise to advance transformer 

management practices and contribute to the overall sustainability of power networks. 

The research scope extends beyond mere literature exploration and encompasses the practical 

application and significance of DGA in transformer maintenance and its potential to extend the 

operational life of mineral oil-filled transformers in Chapter 4. The thesis emphasizes the importance 

of DGA as a non-intrusive and cost-effective method for early fault detection, allowing for timely 

interventions that can prevent catastrophic failures and costly downtime. Chapter 4 provides              

a comprehensive study comparing the performance of synthetic ester-filled transformers with 

traditional mineral oil-filled transformers on a laboratory scale. The chapter 4 sets out to explore the 
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feasibility of using synthetic ester-filled transformers as a potential alternative to mineral oil-filled 

transformers. It conducts a laboratory-scale study to evaluate the performance and efficiency of 

ester-filled transformers, considering their thermal behavior. Transformers are crucial components in 

electrical power networks, significantly influencing network reliability. They are designed to operate 

under varying temperature and load conditions, and the insulation system, comprising oil and paper, 

plays a pivotal role in determining their performance and longevity. 

The chapter 4 categorizes dielectric liquids used in transformers into organic and inorganic 

compounds. Organic compounds include natural or agricultural oils like soybean and coconut oils, 

known as natural esters. Inorganic compounds consist of mineral oils, silicone oils, synthetic liquids, 

nano fluids, and mixed-insulating fluids. These liquids have been extensively studied, with their 

advantages and limitations well-documented. Traditionally, mineral oil derived from crude 

petroleum has been the primary choice for cooling and insulation in transformers. However, 

concerns about the finite nature of petroleum reserves, rising costs, and the need for improved 

dielectric performance have prompted the exploration of alternative options. Mineral oil's typical 

breakdown voltage of around 50 kV may not meet the demands of higher voltage levels, and its flash 

point might not effectively mitigate fire risks. In summary, Chapter 4 describes on the potential of 

synthetic ester-filled transformers as an alternative to mineral oil-filled transformers. It emphasizes 

the need for exploring more sustainable and efficient dielectric options, particularly as power 

networks evolve and demand increased reliability and performance. This research provides valuable 

insights into the use of ester-filled transformers and their thermal behavior, contributing to 

advancements in the field of transformer technology and insulation. 

Chapter 5 offers a comprehensive exploration of the diffusion behavior of various insulating 

oils within cellulose insulation papers, emphasizing the impact on dielectric strength. The study 

scrutinizes how oil absorption, wetting, and thermal aging influence the dielectric properties of the 

paper, generating essential findings and conclusions. Different insulating oils demonstrate varying 

rates of diffusion into cellulose insulation papers. Ester-based fluids, particularly natural esters, 

exhibit higher diffusion rates compared to mineral oil. This behavior is influenced by factors like oil 

type and insulation paper thickness. The choice of oil significantly affects the dielectric strength of 

the insulation paper. Papers impregnated with ester fluids display substantial improvements in 

breakdown voltage (BDV) compared to those soaked in mineral oil. The study takes into account 

both wetting and thermal aging to simulate real-world conditions. It reveals that as aging progresses, 

the dielectric strength initially increases but later decreases due to factors such as oil degradation   
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by-products, moisture migration, and cellulose fiber degradation. Correlation analysis is employed to 

investigate the relationship between oil diffusion and paper dielectric strength, specifically under the 

influence of thermal aging. This analysis yields insights into how different oils impact the paper's 

performance over time. The study concludes that paper aged in mineral oil exhibits inferior dielectric 

strength compared to paper aged in ester dielectric fluids. Ester fluids demonstrate superior oil 

diffusion properties and higher BDV values. 

This dissertation delivers significant advancements in transformer health monitoring, 

focusing on Dissolved Gas Analysis (DGA) and alternative insulating fluids. Key contributions 

include: 

 Demonstrating the enhanced dielectric performance of synthetic esters compared to mineral 

oils, validated through controlled laboratory experiments. 

 Providing insights into the diffusion behavior of insulating oils within cellulose paper, 

highlighting superior wetting and breakdown voltage improvements with ester-based fluids. 

 Establishing the potential for online DGA systems integrated with real-time load and 

temperature monitoring to optimize predictive maintenance. 

The findings underscore the pivotal role of innovative insulating fluids and advanced 

diagnostic techniques in ensuring the reliability and longevity of transformers. This work bridges 

theoretical insights and practical applications, laying the groundwork for sustainable, resilient, and 

efficient power systems. 

The chapter suggests that future research could delve into additional factors, such as the 

influence of tensile strength and cellulose polymerization degree on wetting characteristics. Overall, 

this study contributes valuable insights into the behavior of cellulose insulation paper in the presence 

of different insulating oils and under various aging conditions. These insights hold relevance for the 

field of electrical transformers and high-voltage applications, offering a deeper understanding of the 

interaction between insulation materials and dielectric fluids. 

In conclusion, this Ph.D. thesis serves as a vital resource in the field of predictive 

maintenance for mineral oil-filled transformers. By thoroughly exploring DGA, its theoretical 

foundations, and practical implications, the thesis highlights the transformative potential of this 

approach. The findings underscore the necessity of adopting DGA as a cornerstone of predictive 

maintenance, offering a pathway to extend the operational life of transformers and ensure the 

continued reliability of power distribution networks. In summary, this thesis serves as                        

a comprehensive exploration of transformer technology, insulating fluids, and diagnostic techniques. 
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It not only delves into the historical evolution of these elements but also embraces innovative 

solutions for a sustainable energy future. The work offers valuable insights into the field of power 

transformers, enhancing our understanding of their critical role in modern power systems and the 

potential for advanced diagnostic methods to ensure their longevity and reliability. 

In this dissertation, the extensive exploration of Dissolved Gas Analysis (DGA) as a 

fundamental tool for predictive maintenance of mineral oil-filled transformers has been thoroughly 

discussed. The research spans multiple facets, starting with an introduction that establishes the 

importance of DGA in detecting faults and extending the operational life of transformers within 

power distribution networks. 

A detailed review of the literature (Chapter 2) provided a robust foundation, covering the 

principles and methodologies of DGA and the key gases that signal potential transformer faults. This 

insight transitions into an exploration of the evolution of DGA (Chapter 3), emphasizing its 

transformation into a proactive diagnostic tool. The chapter also introduced advanced strategies such 

as online DGA integrated with load and temperature monitoring systems. These insights validate the 

potential of online diagnostics to enhance the adaptability and precision of fault detection. 

In Chapter 4, a comparative study of mineral oil and synthetic esters for transformer 

insulation highlights the need for sustainable alternatives, emphasizing the superior dielectric and 

thermal properties of synthetic esters. Chapter 5 further deepens the understanding by investigating 

oil diffusion in cellulose insulation papers, showing how alternative oils like ester fluids significantly 

improve dielectric strength and performance under thermal aging conditions. 

The research concludes that DGA, combined with advanced diagnostic methodologies and 

alternative insulating materials, represents a pivotal advancement in transformer health management. 

The adoption of these technologies offers the potential for increased reliability, efficiency, and 

sustainability in power networks. 

6.2 Future Scope 

The research presented in this thesis opens the door to several promising avenues for future 

exploration and development in the field of transformer technology and insulating fluids. The search 

for environmentally friendly and high-performance insulating fluids continues. Future research 

should focus on the development and characterization of novel dielectric materials, including 

synthetic esters and bio-based oils, to further enhance their dielectric properties and environmental 

sustainability. As alternative insulating fluids gain prominence, optimizing transformer design for 

compatibility with these materials becomes critical. Future studies can explore innovative 
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transformer designs that harness the unique characteristics of these new insulating fluids, potentially 

leading to more efficient and reliable transformers. With the increasing importance of online 

diagnostics, the future scope lies in the development of advanced sensor technologies and monitoring 

systems that provide real-time data on transformer health. The integration of artificial intelligence 

and machine learning for predictive maintenance and fault detection is a promising area of research 

with the following specific research areas are proposed: 

o Enhancing Predictive Analytics by developing advanced machine learning models 

tailored for real-time DGA data interpretation, incorporating operational variables 

such as load and temperature. 

o Investigating hybrid approaches combining DGA with emerging diagnostic 

techniques like partial discharge monitoring. 

o Transformer Design Innovations with engineer transformer models optimized for 

ester-based fluids, leveraging their superior thermal and dielectric properties. 

o Conduct stress testing under simulated extreme events (e.g., natural disasters, cyber 

attacks) to validate the robustness of new designs. 

o Sustainability and Environmental Impact to perform lifecycle assessments for 

synthetic ester fluids, quantifying environmental benefits compared to mineral oils. 

o Investigating the feasibility of bio-based insulating fluids with enhanced 

biodegradability and thermal performance. 

o Standardization and practical validation collaborate with industry bodies to develop 

global standards for alternative insulating fluids and advanced diagnostic protocols. 

o Validating findings through large-scale transformer field trials, bridging the gap 

between laboratory results and real-world performance. 

o Integration with Smart Grid systems explore integration of real-time diagnostics with 

smart grid technologies, enabling dynamic load balancing and fault mitigation. 

o Leveraging AI for predictive maintenance scheduling, reducing unplanned outages. 

o Educational and professional development design specialized training programs 

focusing on advanced transformer diagnostics and sustainable insulation technologies. 

o Promote interdisciplinary research collaborations to address challenges at the nexus of 

engineering, materials science, and environmental sustainability. 
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Future DGA research should aim to improve the accuracy and sensitivity of fault detection by 

refining the interpretation of gas concentrations in insulating oils. Developing advanced algorithms 

and models for DGA data analysis will be crucial for early fault detection and prevention. With an 

evolving power grid, research into transformer resilience against extreme events such as natural 

disasters and cyber attacks is essential. This includes investigating novel materials and designs to 

enhance the robustness of transformers and minimize downtime during adverse conditions. A 

comprehensive lifecycle assessment of transformers, considering environmental impact and 

sustainability, should be a focus of future research. In this section, the directions for a future research 

outlined in this dissertation aim to bridge the gap between theoretical advancements and practical 

applications in transformer technology: 

o Real-time systems integrating DGA data with advanced diagnostic tools such as 

artificial intelligence (AI) and machine learning (ML) can offer almost real-time 

insights into transformer health. These tools could assess the remaining life 

expectancy and highlight early-stage failure indicators, providing a reliable basis for 

regulating external load patterns to enhance transformer safety. 

o Novel designs compatible with synthetic esters and other environmentally friendly 

insulating fluids can be explored to ensure robust performance under evolving power 

grid demands, including extreme events and cyber security threats. 

o Wherever feasible, experimental validation of findings, such as dielectric behavior 

under varying thermal and electrical stresses, can strengthen the applicability of the 

reported results. Where practical validation is constrained, drawing inferences from 

simulation models and comparative analysis with industry standards can provide 

alternative insights. 

o Advanced computational models for interpreting DGA results, accounting for       

real-world operational complexities, can refine fault prediction and prevention 

strategies. 

o Life cycle assessments incorporating environmental sustainability metrics can guide 

the selection of insulating fluids and materials, ensuring compliance with global 

environmental standards. 

o Development of global standards for advanced diagnostic techniques and insulating 

materials is critical. Additionally, educational initiatives to train professionals in 

modern transformer diagnostics can help bridge existing knowledge gaps. 
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o A concerted effort involving electrical engineering, materials science, environmental 

science, and data analytics is required to drive innovation and ensure a holistic 

approach to transformer technology. 

This assessment can guide decisions regarding the choice of insulating fluids and materials. 

Collaboration between electrical engineering, materials science, environmental science, and data 

analytics will be instrumental in addressing the multifaceted challenges and opportunities in the field 

of transformer technology. Multidisciplinary research teams can drive innovations in both materials 

and diagnostics. As the field evolves, the establishment of global standards and regulations for 

alternative insulating fluids and advanced diagnostic techniques is essential. Future research can 

contribute to the development of comprehensive standards that ensure the safe and reliable operation 

of modern transformers. Developing educational programs and training initiatives in the area of 

transformer technology and diagnostics is crucial to meet the growing demand for skilled 

professionals in the field. These programs can bridge the knowledge gap and promote best practices. 

The future scope of research in transformer technology and insulating fluids is vast and holds the 

potential to revolutionize the power industry. It encompasses materials innovation, advanced 

diagnostics, resilient design, environmental sustainability, and global standards. By exploring these 

avenues, researchers can contribute to the evolution of transformer technology, enhancing its 

reliability, efficiency, and sustainability in the context of modern power systems. 
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